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ABSTRACT 
In this study, ethanol was produced via the fermentation of skim milk permeate using 
Kluyveromyces marxianus. 
Optimisation ofthe 1-litre batch fermentation was investigated, using a Plackett-Burman 
design, focussing specifically on the variables temperature (30 and 38°C), p H control (pH 
5.5), addition of oxygen (0.2 win) and supplementation of skim milk permeate, using 3.75 
g H yeast extract. T w o yeast strains were studied: K. marxianus CBS 5795 and A T C C Y-
1179. 
From the statistical analysis of the results, yeast strain, temperature and pH were found to 
significantly affect the ethanol yields obtained. To gain an optimal ethanol yield, K. 
marxianus C B S 5795 should be used along with a temperature of 30°C and no p H control. 
Both supplementation of the medium and oxygen addition were found to not significantly 
affect the production of ethanol. 
The lack of need for supplementation suggests that skim milk permeate contains all the 
nutrients required for K. marxianus to grow. However, oxygen has previously been shown 
to affect ethanol yields, so it is possible that the levels chosen for investigation here did not 
differ enough for comparative purposes. 
A scale-up batch fermentation (8-litres) was performed using the optimal conditions 
determined from the 1-litre fermentation. In all cases lactose was totally consumed by 36 h. 
A theoretical ethanol yield of 83 % and maximum specific growth rate (nm a x) of 0.138 h"1 
were found. Fermentation times need to be controlled, with end times coinciding with total 
consumption of lactose, in order to overcome ethanol consumption by both strains of K. 
marxianus. 
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AIMS AND OBJECTIVES 
AIM: 
To produce industrial grade ethanol from skim milk permeate using Kluyveromyces 
marxianus. 
OBJECTIVES: 
• To maximise ethanol production via the determination of the optimal growth 
parameters for Kluyveromyces marxianus in skim milk permeate, with the parameters 
investigated being temperature, pH, oxygen addition and permeate supplementation. 
• To determine the most efficacious strain of K. marxianus (CBS 5795 or ATCC 
Y-l 179) for industrial ethanol production from skim milk permeate. 
• To determine the effect of a scale-up fermentation to 8-litres using the strain of K. 
marxianus and parameters found to give the highest ethanol yields from skim milk 
permeate. 
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SECTION 1 
INTRODUCTION 
Skim milk permeate is the product of the ultrafiltration of skim milk. The major 
constituents of skim milk permeate are lactose, minerals and proteins. Skim milk permeate 
is chemically similar to sweet whey, although it contains less calcium and has undergone less 
treatment than sweet whey. A huge volume of whey is generated annually and is increasing, 
with the most recent Australian season (1992/1993) producing approximately 8 million 
tonnes ( A B A R E , 1993). The volume of skim milk permeate produced annually is 
equivalent to this volume again. Permeate disposal is undesirable due to its high biological 
oxygen demand ( B O D ) typically 40,000 m g H , making it necessary for dairy companies to 
either process it further or to dispose of it via treatment facilities. 
Because ofthe high lactose content (40-50 g l"1), skim milk permeate may be regarded as a 
valuable fermentation substrate. A wide variety of fermentation products including food 
acids and gums, solvents, enzymes, vitamins, antibiotics and alcoholic beverages, produced 
from permeate have been proposed by industry. Despite the variety of options for permeate 
utilisation, only ethanol production has been developed into an important industrial 
fermentation process. Both industrial and potable ethanol have been produced via whey 
permeate fermentation. The former has been used as an industrial solvent, as well as having 
the potential for use as a substitute fuel in internal combustion engines, while potable 
ethanol is used in the production of alcoholic beverages. 
At present, only whey permeate has been used as a fermentation substrate for ethanol 
production. The aim of this project was to investigate whether skim milk permeate could 
also be used for viable ethanol production via fermentation. Along with this, the growth 
parameters to optimise ethanol production from skim milk permeate were to be determined, 
in order to compare the fermentation requirements to those established for whey permeate 
to ethanol fermentations. If successful, the use of skim milk permeate as a fermentation 
substrate offers the advantages of reducing a current environmental problem, as well as 
providing potential economic gain for the dairy company. 
The growth parameters chosen for optimisation were temperature, addition of oxygen, pH 
control, permeate supplementation and yeast strain used. The choice of yeast used for 
permeate to ethanol fermentations is limited to those capable of fermenting lactose. 
Kluyveromyces strains are normally employed for this purpose, however the ethanol 
tolerance of these strains varies, with the genera typically having an ethanol tolerance of 
2 
between 10 and 15 %w/v. T w o strains oi Kluyveromyces marxianus were chosen for 
comparison regarding optimisation of ethanol production. 
Upon optimisation ofthe growth parameters and yeast strain for the skim milk permeate to 
ethanol fermentation, a scale-up from 1 to 8 litres was performed for comparative purposes. 
3 
CHAPTER 2 
LITERATURE REVIEW 
2.1.0 WHEY AS A FERMENTATION SUBSTRATE 
2.1.1 INTRODUCTION 
Whey is a by-product of the dairy industry. It is a dilute solution consisting of 
approximately 6.5% solids by weight, of which the major components are lactose, proteins 
and minerals. The removal ofthe proteins via ultrafiltration leaves whey permeate, with the 
major component being lactose. Ultrafiltration can also be used on skim milk, resulting in 
skim milk permeate. Skim milk permeate has a very similar composition to whey permeate, 
with the main differences being less calcium present in the former, as well as having 
undergone less treatment. Thus, both skim milk permeate and whey permeate pose similar 
disposal problems for dairy manufacturers. Limited literature is available concerning the 
utilisation of skim milk permeate although recent research has been performed regarding 
lactose hydrolysis in skim milk. Although this section specifically refers to whey and whey 
permeate, it is still very relevant to skim milk permeate and its associated problems, due to 
the very similar composition ofthe two. 
2.1.2 COMPOSITION OF WHEY 
Whey is the fluid medium obtained by separating the coagulum from milk, cream and/or 
skim milk with a characteristic whey type produced for each ofthe processes (Short, 1978). 
Whey is mainly composed of lactose, minerals and whey protein that were originally present 
in the milk used. There are two main types of whey - acid and sweet - with each differing in 
lactic acid content. Sweet whey, pH>5.5, is derived from the manufacture of sweet rennet 
casein. Skim milk permeate is also a sweet liquid, comparable to that of sweet whey. Acid 
whey, pH<5.0, is produced when acid is either added to or produced as part ofthe process 
with the acid facilitating casein coagulation. Acid whey is normally produced when 
manufacturing cottage cheese, lactic casein or mineral acid casein. A comparison of 
skimmed sweet whey and acid whey can be seen in Table 2.1. 
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T A B L E 1.1 Chemical composition of whey on a liquid (as feed) basis. 
(from ZaU, 1992) 
Acidity (pH) 
Water (% v/v) 
Total solids (% w/v) 
Solids Content (%) 
Lactose 
Protein 
Fat 
Lactic acid 
Ash 
Ash Content (%w/v) 
Calcium 
Phosphorus 
Iron 
Potassium 
Sodium 
Vitamins (mg/100 g) 
Vitamin A 
Thiamine 
Riboflavin 
Niacin 
Pantothenic acid 
Vitamin B 6 
S K I M M E D S W E E T 
WHEY 
5.6-6.1 
93.2-93.6 
6.8-6.4 
4.9-5.1 
0.8-0.9 
<0.05 
0.2 
0.6-0.7 
0.05 
0.05 
0.001 
0.16 
0.5 
<10 
0.04 
0.16 
0.08 
0.4 
0.03 
ACID WHEY 
4.7 
93.2 
6.8 
4.3-4.4 
0.8 
<0.05 
0.5-0.6 
0.8 
0.1 
0.08 
0.001 
0.14 
0.05 
<10 
0.04 
0.14 
0.08 
0.4 
0.04 
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2.1.3 QUANTITIES AND DISPOSAL OF WHEY 
The disposal of whey poses a considerable environmental problem due to its high biological 
oxygen demand (BOD), of between 32 and 60 g l"1 (Walker etal, 1985). In addition, a 
huge volume of whey is generated every year (Gholson and Gough, 1980; Sandbach, 1981 
a,b; Mahmoud and Kosikowski, 1982; Maiorella and Castillo, 1984; Walker et.al. 1985). 
For example, in 1992 the world wide production of whey was approximately 100 million 
tonnes (ABARE, 1993). In the U.S.A., 22 million tonnes of whey are generated annually, 
with only 6 0 % being utilised (Reesen and Strube, 1978; Walker etal, 1985; Russell, 1986; 
Chartrain and Zeikus, 1986; Reinbold and Takemoto, 1988). In Australia during the 
1992/1993 season, approximately 8 million tonnes of whey were produced, with 6 5 % of 
this produced in Victoria alone (ABARE, 1993). A comparison of cheese and whey 
production in Australia and world wide can be seen in Table 2.2. 
Table 2.2 Cheese and whey production for 1992/93 season. (ABARE, 1993) 
REGION 
Victoria 
Australia 
World 
Cheese Production 
for 1992 (kt) 
128 
197 
11337 
Whey 
Production for 
1992 (kt)^ 
5198 
8000 
102033 
% of World 
Production 
for 1992 (kt) 
5.1 
l__ 7.8 
-
The high B O D and large quantities of whey produced cause problems at both waste 
treatment facilities and cheese processing plants, which must cope with escalating disposal 
costs (Friend and Shahani, 1979; Meyrath and Bayer, 1979; Kosaric and Wieczorek, 1982; 
Chartrain and Zeikus, 1986; Reinbold and Takemoto, 1988; Jenq etal, 1989). In some 
cases, retail cheese prices have increased due to the costs of whey disposal for cheese 
manufacturers (Gholson and Gough, 1980). 
2.1.4 UTILISATION OF WHEY 
Of the 60% of whey utilised, most is dried and either sold as whey powder or added to 
pastures as fertiliser (Radford etal, 1986; Mawson, 1988). Many approaches have been 
made regarding the utilisation of surplus whey. One of the major approaches has been to 
recover the proteins present in the whey for use as a food additive (O'Leary etal, 1977b; 
Short, 1978; Kosaric and Wieczorek, 1982). The protein can be recovered in one of two 
6 
ways: firstly, in an insoluble form as lactalbumin, following heat or heat/acid treatment and 
centrifugation; secondly as a soluble whey protein concentrate, using ultrafiltration and 
reverse osmosis (Russell, 1986; Mawson, 1988). Although the ultrafiltration process 
removes the protein, most ofthe lactose remains in the resulting permeate, with only 15 to 
3 0 % ofthe B O D removed (Reinbold and Takemoto, 1988). The resulting permeate can 
still be regarded as a valuable resource for further processing due to the high lactose content 
of40to50gl-!. 
Other processes that have been employed to utilise the surplus whey include recovery of 
lactose for use in the food industry, have been reported, resulting in many different 
fermentation products including single cell protein, enzymes, solvents, methane, food acids 
and gums, antibiotics, vitamins, fats, amino acids and alcoholic beverages (Short, 1978; 
Friend and Shahani, 1979; Kosaric and Wieczorek, 1982; Janssens etal, 1983; Collins and 
Rajagopal, 1983; Jenq etal, 1989; Zall, 1992). At the present time the only fermentation 
products that have been extended to commercial processes are single cell protein, enzymes, 
methane and solvent production. Examples of different fermentation products can be seen 
in Table 2.3. 
Table 2.3 Fermentation products produced from whey. 
Fermentation Product 
Solvents 
Biogas 
Polysaccharides 
Organic acids and 
derivatives 
Enzymes 
Others 
Examples 
butanol, ethanol, glycerol 
methane 
xanthan 
amino acids, lactic, acetic and citric acid 
3-galactosidase 
antibiotics, vitamins, flavour compounds, 
fats and oils, whey yeast 
There has been much interest in the fermentation of whey to produce ethanol. The first 
reports of ethanol production from whey were published during World W a r II by Browne 
(1941). Browne (1941) noted that theoretical ethanol yields of up to 8 0 % could be gained 
by using the yeast Torula cremoris (Kluyveromyces marxianus) A T C C 2512 to ferment 
lactose in whey. However, most work has occurred in the last twenty years, with 
researchers studying two main areas. Firstly, a wide range of alcoholic beverages have 
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been produced, such as whey vodka, whey wine and whey beer (Rogosa etal, 1947; 
Rogosa, 1948; Kosikowski and Wzorek, 1977; Friend and Shahani, 1979; Mann, 1980; 
Maiorella and Castillo, 1984). The use of ethanol as a potential gasoline replacement has 
also stimulated interest in the whey to ethanol process. Coupled with this is the solving of 
the waste treatment problem, as the fermentation process also results in an 8 5 % reduction in 
the B O D ofthe whey. 
2.2.0 KLUYVEROMYCES MARXIANUS 
2.1 INTRODUCTION 
As lactose is the major carbohydrate source in whey, utilisation of this by-product requires 
an organism that can metabolise this source. Only 2 % of yeast species are known to utilise 
lactose and one of these is Kluyveromyces marxianus (Carvalho-Silva and Spencer-Martins, 
1990). Kluyveromyces yeasts have been extensively studied in relation to the consumption 
of whey via ethanolic fermentation. Along with the production of ethanol, an advantage of 
using K. marxianus, or any other lactose fermenter, is that the B O D of whey is also reduced 
ten-fold. 
2.2 MORPHOLOGY OF K. marxianus 
K. marxianus is widely distributed in nature and is found in humans, other mammals and 
dairy products. Rose and Harrison (1987), van der Walt and Johannsen (1984) and Reed 
and Nagadavithana (1991) describe K. marxianus as producing cream, butyrous colonies, 
with the cells appearing as subglobulose (almost globe shaped), ellipsoidal to cylindrical. 
Typically, cell size varies from 1-7 \xm. Asexual reproduction of K. marxianus is by 
budding, and the resulting buds occur as pairs or short chains (Figure 2.1a). Conjugation 
may precede ascus formation or diploid, vegetative cells may be directly transformed into 
asci. Normally one to four reniform ascospores are formed per ascus, as can be seen in 
Figure 2.1b (van der Walt and Johannsen, 1984; Rose and Harrison, 1987; Reed and 
Nagadavithana, 1991). 
(a) (b) 
Figure 2.1 The appearance of K. marxianus (a) K. marxianus cells after 
3 days growth in malt extract (b) Acospore formation after 4 days 
growth on malt extract agar, (from van der Walt and Johannsen, 1984) 
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The K. marxianus species have previously been classified as Torula cremoris, Candida 
pseudotropicalis, Saccharomyces fragilis, Saccharomyces marxianus and Kluyveromyces 
fragilis (Barnett, etal, 1983; van der Walt and Johannsen, 1984; Reed and Nagadavithana, 
1991). There are 7 syngamous varieties ofK. marxianus, all of which are delimited on the 
basis of interfertility, after homology testing showed a D N A relatedness of > 8 0 % (van der 
Walt and Johannsen, 1984; Rose and Harrison, 1987). However, the most recent 
designation of K. marxianus will be used throughout this review. 
2.3 METABOLISM OF K. marxianus 
K. marxianus is a mesophilic, microaerophilic organism with an optimum pH range of 4-6.5 
(Zertuche and Zall, 1985). It is capable of fermenting glucose, galactose, sucrose, lactose, 
raffinose and inulin, but not maltose. Most yeasts are unable to utilise disaccharides such as 
lactose, but K. marxianus possesses the enzyme lactase or P-D-galactosidase [$-D-
galactoside galactohydrolase E.C. 2.2.1.223]. (3-D-galactosidase is an intracellular enzyme 
that hydrolyses lactose into its glucose and galactose components, as can be seen in Figure 
2.2. K. marxianus then utilises both the glucose and galactose, forming ethanol. The 
stoichometry of ethanol fermentation from lactose according to the Guy-Lussac Equation is 
given in equation 2.1. 
C12H22Ou + H20 > 4C2H5OH + 4C02 (2.1) 
This corresponds to a maximum theoretical yield of 0.53 8g ethanol/g of lactose. 
CH20H CH2OH 
W OH H OH 
Figure 2.2. Lactose or 4-0-P-D-GaIactopyranosido-D-Glucopyranose. 
The enzyme P-D-galactosidase breaks the {3-1,4 bond present in 
lactose, resulting in the monosaccharides glucose and galactose. 
(Short, 1978). 
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T w o terms that are used when describing the ethanol fermentation process are the '% of 
theoretical yield' and the 'ethanol productivity'. The former is the ratio of the actual ethanol 
concentration to the maximum theoretical ethanol concentration based on lactose 
consumed. Whereas the later for a batch fermentation is defined as the overall rate of 
production on volumetric scale, with units of g Hh"1. Theoretically, typical batch 
fermentations of whey to ethanol gives a productivity of 1-5 g Hh" 1 with a theoretical 
ethanol yield of 85-93%. 
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2.3.0.FACTORS AFFECTING THE FERMENTATION PROCESS 
2.3.1 INTRODUCTION 
Factors which influence the fermentation process include temperature, pH, addition of 
nutrients, aeration (O2) and sterol addition, inoculum size, osmotic pressure, salt 
concentration, and substrate and ethanol concentrations, each of which will be discussed 
below. A significant improvement in the fermentation process can be achieved by 
optimising these parameters. 
2.3.2 TEMPERATURE 
The effect of temperature has been investigated by a number of researchers, including 
Rogosa etal (1947), Burgess and Kelly (1979), Chen and Zall (1982), Castillo etal. 
(1982), Marwaha and Kennedy (1984a, b), Vienne and von Stockar (1985a, b), Tu etal 
(1985), Zayed and Foley (1987), and Spencer and Spencer (1990). Generally, it has been 
concluded that the optimum temperature forK. marxianus fermentation lies in the range 30-
38°C, with most researchers identifying 35°C as the ideal temperature for ethanol 
production. Variation was observed depending on the yeast strain studied. For example 
Vienne and von Stockar (1983) reported an optimum of 38°C for K. marxianus C B S 397, 
whilst Rogosa etal (1947) found 33°C to be optimum for Torula cremoris (K. marxianus) 
No. 2, and Chen and Zall (1982) found 32°C to be optimum for Saccharomyces fragi (K. 
marxianus). 
2.3.3 pH 
The pH of the fermentation medium affects the fermentation products obtained, which is 
principally due to the effect on the transport of compounds across the cell membrane and on 
the activities ofthe enzymes present. A n optimum p H range of 4.0-6.0 has been reported 
by several workers, with some variation apparent depending on the yeast strain and whey 
type used (Rogosa etal, 1947; Castillo etal, 1982; Marwaha and Kennedy, 1985a, b; 
Vienne and von Stockar, 1985b; Zertuche and Zall, 1985; Tu etal, 1985; Zayed and Foley, 
1987; Ghaly etal, 1992). Others have concluded that an initial p H in the range of 4.6-5.6 
has no significant effect on the rate ofthe lactose fermentation (Chen and Zall, 1982). By 
contrast, p H control has been found to be unnecessary due to the buffering capacity of whey 
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(Burgess and Kelly, 1979; Chen and Zall, 1982; Friend etal, 1982; Collins and Rajagopal, 
1983;Linkoef.a/., 1984). 
Depending on the strain of yeast and type of whey used, the optimum pH is generally 
accepted to be in the range p H 4.0-6.0. Acid whey has an optimum in the lower range of 
p H 4.0-5.0, with cheese whey being in the upper range of p H 5.0-6.0. 
2.3.4 SUPPLEMENTARY NUTRIENTS 
2.3.4.1. Yeast Extract 
Moulin etal. (1980a) observed that when K. fragilis CBS 397 and C. pseudotropicalis IP 
513 were grown on complex synthetic media, containing all necessary nutrients and on 
whey permeate, identical biomass and ethanol yields were obtained. It was suggested that 
whey contains all the necessary nutrients required, making supplementation unnecessary. 
However, the data presented for growth showed a distinct uncoupling between growth and 
alcohol production: with growth ceased after 20 hours, whilst ethanol production continued 
for over 50 hours until complete utilisation of lactose was achieved. This indicated a 
nutritional limitation of the unsupplemented whey permeate used. Uncoupling was not 
observed for cultures grown on synthetic media. 
Other studies have investigated supplementation of whey. Castillo etal. (1982) reported 
that addition of 0.1 g H yeast extract to whey increased yeast production but decreased 
ethanol production. This also led them to conclude that whey, both proteinated and 
deproteinated, contains all the nutrients required by yeast to grow and produce good 
ethanol yields. Marwaha and Kennedy (1984a) also claimed that whey permeate contains 
all the nutrients required for alcoholic fermentation, due to their successful growth of 
immobilised yeast cells in this medium. However, they did not investigate the effect of 
nutrient addition to the medium. Vienne and von Stockar (1983) disputed the results 
obtained by both Moulin etal. (1980a) and Castillo etal (1982). These researchers 
performed an elemental analysis on both the whey permeate and dry yeast cells, which 
indicated a possible stoichiometric limitation by nitrogen, as well as a growth factor 
limitation. This was confirmed when a nitrogen source (0.17% w/v ammonium sulphate) 
added to the permeate, resulted in a biomass yield increase of 26 %w/v, with no substantial 
effect on growth rate. However, upon addition of 1 g H yeast extract, both the biomass 
yield and growth rate were affected, as shown in Table 2.4, with an increase of 4 4 % and 
6 5 % , respectively, compared with the control. These results indicated that the addition of 
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yeast extract can overcome both the nitrogen and growth factor limitation of whey 
permeate media, whilst ethanol yields remain constant. 
Table 2.4. Kinetic parameters for growth of K. fragilis N R R L 665 and 
C. pseudotropicalis IP 513 on whey permeate with different 
supplementation, (adapted from Vienne and von Stockar, 1983) 
Yeast type 
K. fragilis 
NRRL 665 
C. pseudotropicalis 
IP 513 
Type of medium 
supplementation 
0.1% w/v Yeast Extract 
0.17%w/v(NH4)2SO4 
None 
0.1% w/v Yeast Extract 
0.17% w/v (NH 4) 2S0 4 
None 
M-max 
0.236 
0.177 
0.164 
0.205 
0.165 
0.132 
Yx/s 
0.056 
0.043 
0.034 
0.065 
0.065 
0.030 
Yp/S 
0.4933 
0.4726 
0.4836 
0.4834 
0.4823 
0.4884 
A further investigation of C. pseudotropicalis IP 513, used by Moulin et.al. (1980a), was 
carried out by Vienne and von Stockar (1983). During growth on unsupplemented whey 
permeate, uncoupling between growth and alcohol formation was observed as above. 
Growth was seen to level off after 12 hours, whilst alcohol production continued for more 
than 24 hours until the lactose was completely utilised. The uncoupling was seen to 
disappear upon rich supplementation of the medium, being replaced by continuous 
exponential growth. In addition, the fermentation time was reduced to almost half of that of 
the unsupplemented whey permeate. A summary of this data can be seen in Table 2.4. A 
two-fold increase in ethanol production was observed when whey was supplemented with 
3.75 g H yeast extract, in a continuous culture of K. fragilis N R R L 665 compared to the 
unsupplemented whey. These results led Vienne and von Stockar (1983) to establish a ratio 
of 3.75 g H yeast extract to 50 g H lactose to be the minimum concentration to avoid 
nutritional limitation in whey permeate. 
Many other studies have also demonstrated the stimulatory effect of yeast extract. Chen 
and Zall (1982) established an optimum requirement of 7 g H yeast extract for their 100 g L 
1
 lactose medium. Burgess and Kelly (1979) observed a higher ethanol production and 
biomass, with the addition of 1 g H yeast extract and 0.5 g H urea to their whey medium 
containing 150 g H lactose. A similar result was reported by Zayed and Foley (1987), who 
observed an increase in theoretical yield form 75 to 8 3 % upon addition of 4 g H yeast 
extract to the whey permeate containing 110 g H lactose. 
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2.3.4.2 Other supplements 
Castillo etal (1982) reported that the addition of phosphorus salt, nitrogen salt and corn 
steep liquor to whey medium had little or no effect on the ethanol yield. M a h m o u d and 
Kosikowski (1982) added a range of supplements including ammonium sulphate, urea and 
peptone, to demineralised whey containing 250-270 g H lactose. They noted that the 
addition of 10 g l"1 ammonium sulfate, as a supplementary nitrogen source, had no effect on 
ethanol production. However, when 10 g H urea was added, a decrease in ethanol yield of 
3 6 % was observed. The addition of 10 g H peptone, as an organic nitrogen source, 
resulted in a decrease in ethanol yield of 56%. N o explanation for these effects were 
offered by the authors. 
Vienne and von Stockar (1985a) studied the effect of various mineral ions, vitamins and 
amino acids on the performance of K. fragilis N R R L 665. A basal medium containing 90 g 
H lactose, and 8.15 g H yeast extract was used as the control, with various supplements 
added to this. They observed that neither specific growth rate nor biomass yield could be 
improved by the addition of various mineral ions, vitamins or combinations ofthe two. A 
slight increase was observed following addition of some amino acids. 
Antier etal. (1990) reported a positive effect of adding iron and magnesium ions to a 
synthetic medium containing 10 g H lactose. A 2 6 % increase in biomass production and 
growth yield of K. fragilis No.l 11 was observed. The addition of 1 m g H nicotinic acid 
accelerated biomass production but did not increase growth yield. The mineral ions copper 
and manganese were found to be toxic to yeast. In the majority of these reports, the effect 
of nutrients on the ethanol yield was not mentioned. 
In conclusion, the single addition of yeast extract to whey media appears to overcome any 
nutrient limitation. Yeast extract provides a source of nitrogen, and many growth 
promoting factors such as vitamins, amino acids and trace minerals. This results in faster 
fermentation rates, but not necessarily higher ethanol yields, in the few cases where ethanol 
yields have been tested. 
2.3.5 OXYGEN AND STEROLS 
Oxygen is required at a minimum level in ethanol fermentations for the biosynthesis of 
unsaturated fatty acids and sterols which are essential components of the cell membrane 
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structure of yeasts. Janssens etal (1983) and Zayed and Foley(1987) have noted that the 
addition of sterols to the medium may eliminate the need for aeration. 
Chen and Zall (1982) and Janssens etal. (1983) reported that the addition of ergosterol (30 
m g H ) and unsaturated fatty acids (45 m g H ) to whey medium resulted in increased 
ethanol yield and reduced fermentation time. However, Zertuche and Zall (1985) compared 
the ethanol yield obtained from an aerobic and an anaerobic fermentation of whey, with the 
addition of 20 m g H ergosterol, for K. fragilis. They found that addition of oxygen at 
0.14-0.75 w m was better than ergosterol addition of 2.3 ml H (stock solution of 0.2188 
g/50 ml), with 8 0 % of the theoretical ethanol yield obtained compared to 7 0 % in the 
anaerobic system. Tyagi (1984) also found the addition of trace amounts of pure oxygen 
resulted in an increased yeast cell productivity and a higher ethanol productivity. 
Vienne and von Stockar (1985b) studied the effect of aeration on a continuous fermentation 
of concentrated whey containing 89 g H lactose, at a dilution rate of 0.205 h"1. It was 
observed that increasing the air flow rate to greater than 0.06 w m induced a shift from 
ethanol production towards biomass production. Although looked for, no maximum 
alcohol production rate as a function of aeration rate was found. The researchers suggested 
that this may be attributed to the weak Crabtree effect expresssed by K. fragilis, which does 
not mask the Pasteur effect, and that definitive determination of aeration conditions may 
only be found when dissolved oxygen concentration could be measured and controlled at 
levels as low as 0.01 m g H . 
Zayed and Foley (1987) established an optimum air flow rate of 0.15 wm for K fragilis 
grown on whey containing 110 g H lactose. A n increase in theoretical yield of 6 3 % to 
8 0 % and ethanol production from 0.38 g Hlr 1 to 1.1 g Hlr 1 were observed at this 
optimum flow rate, compared with cultures without aeration. However, a higher biomass 
and lower ethanol yield resulted by increasing the air flow rate to more than 0.25 w m . 
Although both sterol and oxygen addition result in increased ethanol yields and reduced 
fermentation time, better results are obtained by oxygen addtion, with the recommended 
concentration being no more that 0.15 w m for optimum results. 
2.3.6 INOCULUM SIZE 
It is well known that a high cell density results in rapid fermentation rates. For whey to 
ethanol fermentations, it has been established that a yeast inoculum of between 1 and 2 % 
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(dry weight yeast/weight of lactose) is sufficient to ensure satisfactory fermentation rates for 
both concentrated and dilute whey (Rogosa etal, 1947, Demott etal, 1981; Castillo etal, 
1982; Maiorella and Castillo, 1984). 
2.3.7 OSMOTIC PRESSURE 
Grubb and Mawson (1993) investigated the effect of maltose-induced osmotic pressure on 
lactose fermentation by K. marxianus Y-l 13. A range of maltose concentrations (100 to 
250 g H ) were added to semi-synthetic media containing 100 g H lactose. In the presence 
of maltose, it was found that the maximum specific growth rate was reduced by half 
compared to the control, while the ethanol productivity was reduced by 2 5 % at the highest 
level of added maltose. Harbison, etal (1983) observed similar trends upon studying 
mannitol-induced osmotic pressure in a semi-synthetic media containing 130 g H lactose 
and 124 and 274 g mannitol H . 
The fermentation and ethanol production rate of K marxianus NRRL Y-2415 was shown 
to decrease in concentrated whey due to an increase in osmotic pressure (Zakrzewski and 
Zmarlicki, 1988a, b). However, the ethanol yields obtained were not greatly affected by the 
increase in osmotic pressure. 
Overall it can be seen that high osmotic pressure, equivalent to concentrations of 200 g H 
or more, results in decreased fermentation rates, but has only a slight effect on the overall 
ethanol yields. 
2.3.8 SALT CONCENTRATION 
Gawel and Kosikowski (1978) studied the effect of salt concentration on the performance 
of K. lactis C U 10689. They observed that when whey medium was supplemented with 
either sodium chloride or calcium chloride at 1.5 %w/v, an inhibition ofthe fermentation 
occurred. At the 3.5 %w/v level, inhibition was more pronounced, especially with NaCl 
supplements. It was suggested that high salt concentration induced high osmotic pressure, 
thereby affecting the lactose uptake ofthe cells. Vienne and von Stockar (1985b) also 
concluded that high salt concentration induced high osmotic pressure. The addition of NaCl 
at 28 g l"1 to a semi-synthetic medium containing 100 g H lactose, resulted in a 2 5 % 
reduction in ethanol yield and biomass compared with the unsupplemented control (Grubb 
and Mawson, 1993). 
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A n inverse relationship between yeast growth and NaCl concentration was observed by El-
nimr etal. (1982). The effect of varying concentration (0-10 %w/v) on the performance of 
different Kluyveromyces strains was studied. The tolerance level between strains varied, 
with K. lactis N R R L Y-l 138 showing the greatest tolerance at a concentration of 10 %w/v 
NaCl. El-samragy and Zall (1988) also studied the effect ofthe addition of up to 10 %w/v 
NaCl to whey permeate on lactose utilisation. Although lower ethanol and biomass yields 
were observed at the 10 %w/v level, K. marxianus A T C C 28244 was found to completely 
utilise all the lactose present in permeate supplemented with 3-6% NaCl. 
Mahmoud and Kosikowski (1982) found that after removal of monovalent ions (especially 
sodium and potassium) from concentrated whey permeate by electrodialysis, biomass and 
ethanol yields increased. 
Overall, it can be concluded that moderate concentrations of salt (>1 %w/v) have a 
detrimental effect on lactose fermenting yeast strains, and this is probably due to the high 
osmotic pressure induced. 
2.3.9 LACTOSE AND ETHANOL CONCENTRATION 
The effects of lactose and ethanol concentration will be jointly discussed, as an increase in 
lactose levels results in an increase in ethanol concentration. 
Moulin etal (1980b) studied the effects of lactose and ethanol on the fermentation rate by 
exposing cells to different lactose and ethanol concentrations for a 5 hour period. Ethanol 
was found to be inhibitory to C. pseudotropicalis IP 513 at concentrations as low as 16 g 1" 
l
. The inhibition was found to increase with increasing ethanol concentration. Lactose was 
found to be non-inhibitory at concentrations as high as 250 g H , even when no ethanol was 
present. However, a synergistic inhibitory effect was observed when the ethanol and lactose 
concentrations exceeded 64 g H and 175 g H respectively. 
Marwaha and Kennedy (1984a) reported that under optimum conditions, immobilised K. 
marxianus N C Y C 179 showed no end-product inhibition to concentrations of 60 g H of 
extracellular ethanol. 
Vienne and von Stockar (1985a) and Schaefer etal. (1985) studied the inhibition effect of 
ethanol during a continuous fermentation of whey. The type of inhibition found was non-
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competitive, as can be seen in Figure 2.3. Non-competitive inhibition occurs when a 
substrate binds at an allosteric site on an enzyme responsible for a particular enzymic, 
metabolic or physiological process (Coombs, 1986). In the case of whey to ethanol 
fermentations, when the ethanol concentration exceeds a particular maximum level, it binds 
to an allosteric site on the P-D-galactosidase enzyme resulting in inhibition of the 
breakdown of lactose to glucose and galactose. The maximum amount of ethanol tolerated 
by K. fragilis N R R L 665 was found to be 45 g H ; concentrations above this completely 
suppressed growth. Kamini and Gunasekaran (1989) also found K. fragilis N R R L 665 to 
be completely inhibited by ethanol concentrations of greater than 4 0 % v/v. 
The performance of 107 strains of lactose fermenting yeasts on a complex medium 
containing 50, 100 and 200 g H lactose was evaluated by Bothast etal.(19%6). The 
authors reported that the average specific ethanol productivity among the 107 strains was 
0.43 g g-ih"1, with 134 strains producing >0.69 g g"1^1. Overall, 8 strains of K 
marxianus demonstrated a production rate of >0.45 g g^h"1 and a yield of >0.45g g"1, over 
the three lactose concentrations. K. marxianus N R R L Y-l 195 was selected as the best 
strain, with an average specific production rate of 0.49 g g_1h-1 over the three lactose 
concentrations. 
Grubb and Mawson (1993) also reported the synergistic effect of high lactose concentration 
and endogeneous ethanol in the inhibition of K. marxianus Y-l 13, with growth ceasing 
when the ethanol concentration reached 45-52 g H and lactose at 150 or 200 g I"1. 
Two groups of K. marxianus appear to be present, an ethanol sensitive group and one of 
higher ethanol tolerance. The ethanol sensitive group can tolerate up to 45 g I"1 ethanol, 
and could include strains N R R L 665 and N R R L Y-l 13. The other group can tolerate up to 
95 g H ethanol, and could include strains N C Y C 179, N R R L Y-l 195 and C. 
pseudotropicalis strains. 
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ure 2.3 Lineweaver-Burk plot of the continuous culture of K. fragilis NRRL 
665 on permeate supplemented with 3.75 g H yeast extract and with 
various amounts of ethanol added to the medium. S0: 46 g HParameter: 
steady state ethanol concentration, (from Vienne and von Stockar, 1985a) 
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2.4.0 NEW TECHNOLOGICAL APPROACHES 
2.4.1 INTRODUCTION 
In recent years a number of attempts have been made to try and increase the commercial 
viability of the whey to ethanol fermentations, by adapting new technology. Some of the 
technology that has been tried includes the use of hydrolysed and concentrated whey, and 
continuous fermentation instead of the traditional batch culture process. Each of these 
areas will be discussed in the section below. 
2.4.2 HYDROLYSED WHEY 
A major difficulty in using whey as a fermentation substrate has been the fact that relatively 
few organisms are able to ferment lactose. Strains of the yeast Kluyveromyces have been 
found to be the most efficient lactose fermenters, but unfortunately many of these strains are 
relatively ethanol sensitive compared to Saccharomyces cerevisiae. If the lactose in whey 
could be hydrolysed into its constituent monosaccharides (glucose and galactose), non-
lactose fermenting organisms - such as strains of S. cerevisiae - that tolerate high 
concentrations of alcohol could be used for ethanol production (O'Leary etal, 1977 a,b; 
Burgess and Kelly, 1979; Friend and Shahani, 1979; Russell, 1986). 
Normally the technique employed to hydrolyse whey is to add the enzyme J3-D-
galactosidase to the medium prior to the fermentation, followed by fermentation employing 
S. cerevisiae. 
However, S. cerevisiae has a number of disadvantages when used in the whey to ethanol 
fermentation. O'Leary etal. (1977 a,b) reported that S. cerevisiae was subject to catabolite 
repression by glucose, resulting in longer fermentation times. Also, higher solids contents 
were required to produce ethanol amounts equivalent to those produced in typical molasses-
based fermentations. Friend and Shahani (1979) and Burgess and Kelly (1979) confirmed 
the catabolite repression by glucose on S. cerevisiae. It was suggested that, in order to 
overcome the wasteful fermentation using S. cerevisiae, a mixed culture of S. cerevisiae and 
an organism capable of utilising galactose be employed. 
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2.4.3 C O N C E N T R A T E D W H E Y 
As has already been stated, the low ethanol concentrations produced by K. marxianus from 
whey tend to make the process commercially uneconomical. This is due to the high energy 
costs associated with ethanol recovery (Mawson, 1990). To improve the economics, the 
lactose concentration could be increased by reverse osmosis to 3 or 4 times that in normal 
whey. The low solubility of lactose in water prevents the concentration of whey being more 
than about 20 %w/v total solids, (approximately 160 g H ) after which the lactose 
precipitates at room temperature (Wongso, 1993). Energy and cost savings are the major 
benefits of using concentrated whey, especially in relation to ethanol recovery and 
purification processes. 
The concentration of whey results in not only a high lactose content, but also a higher 
mineral content. Thus, the fermentation may be adversely affected by the concentration of 
sugar, alcohol and salt, and also osmotic pressure inhibiting some lactose fermenting yeast 
strains (refer to sections 2.3.6, 2.3.7, 2.3.8). This usually results in a slower fermentation 
(in some cases requiring up to 2 weeks for completion) and lower ethanol yields as shown 
by Gawel and Kosikowski (1978), Burgess and Kelly (1979), Moulin etal. (1980a, b), 
Igazuirre and Castillo (1982), Janssens etal (1983), Schaefer etal. (1985), Mawson and 
Taylor (1989), and Mawson (1990). The results obtained by these authors can be seen in 
Table 2.5. 
Table 2.5 Summary of Concentrated W h e y Fermentation Data. 
Organism 
K. fragilis CBS 5795 
C. pseudotropicalis N C Y C 774 
K. fragilis N R R L Y-l 109 
K. fragilis CBS 391 
C. pseudotropicalis IP 513 
K. fragilis 
K. lactis N C Y C 1368 
K. fragilis CBS 397 
C. pseudotropicalis N C Y C 143 
C. pseudotropicalis N C Y C 8619 
C. pseudotropicalis N C Y C 8628 
K. fragilis N C Y C 153 
Initial cone. 
of lactose 
100-150 
100-150 
100-150 
200-300 
100-300 
100-150 
100-150 
50-200 
100-250 
100-250 
100-250 
150-220 
Theoretical 
ethanol yield 
(%) 
84-91.8 
83-86.3 
88-30 
85-50 
90-50 
78-44 
54-30 
92-84 
73-17 
86-24 
91-58 
72-20 
Reference 
Burgess and Kelly (1979) 
Moulin etal. (1980a) 
Zayed and Foley (1981) 
Janssens etal. (1983) 
Izaguirre and Castillo 
(1982) 
K. marxianus Y-l 13 100-150 74-71 Mawson and Taylor (1989) 
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However, it should be noted that concentration of whey is very expensive due to the need 
to buy the equipment necessary to achieve good results. The equipment normally used is 
that for reverse osmosis filtration and sometimes ultrafiltration. 
2.4.4 C O N T I N U O U S C U L T U R E 
Batch fermentations suffer a number of disadvantages, mainly due to the inefficiency of 
using large volumes which results in high capital costs. Also, automation of the process is 
costly due to the high operating costs inherent in the continuous starting and stopping. 
Continuous cultures can be used to overcome some of these problems. High productivity of 
the continuous cultures can also be achieved by coupling it with cell recycle or cell 
immobilisation. There are three main areas of study relating to continuous fermentation that 
have been explored, these being: free cell culture, and the coupling of cell recycle or cell 
immobilisation with continuous fermentation 
2.4.4.1 Continuous culture with free cells 
King and Zall (1983a) studied a continuous culture of free K. fragi (K. marxianus) cells on 
concentrated whey containing 100 g H lactose. A maximum productivity of ethanol of 1.9 
g H h " 1 at a dilution rate of 0.158 h"1 was reported. 
Vienne and von Stockar (1983) studied the continuous culture of K. fragilis NRRL 665 on 
whey permeate, supplemented with 3.75 g H yeast extract. The production of a 
Lineweaver-Burk plot ofthe continuous culture led to the possibility of two Umax and K s 
values. At low concentrations of residual lactose, a Umax of 0.216 h"1 and K s of 0.014 g I"1 
were obtained, whereas at high residual lactose concentration, a u m a x of 0.310 h"1 and K s 
of 0.971 g H were obtained. The authors suggested that two kinds of lactose transport 
systems through the membrane might exist. A n active transport system may be involved at 
low concentrations of lactose, resulting in higher substrate affinity, which would be 
reflected by a low saturation constant. A passive transport mechanism with a lower affinity 
may occur at high concentrations. Barnett and Sims (1982) also reported two types of 
lactose uptake by K. fragilis, dependent on the oxygen present. Lactose uptake via active 
transport occurred in aerobic conditions, whilst uptake via facilitated diffusion occurred 
anaerobically. 
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Schaefer etal. (1985) also studied the continuous culture of K. fragilis N R R L 665 on whey 
permeate supplemented with 3.75 g H yeast extract. Performances in both concentrated 
and unconcentrated whey permeate were compared, with n m a x remaining constant at 0.3 h" 
1
 in both. In unconcentrated permeate containing 46 g H lactose, a maximum ethanol 
productivity of 5.1 g Hlr 1 and 91 % theoretical ethanol yield were obtained. With 
concentrated permeate containing 86.4 g H lactose, a maximum productivity of 4.75 g H h " 
l
, with a residual lactose concentration of 45 g H found, whilst in permeate containing 150 
g H lactose, a residual lactose concentration of 115 g H and maximum productivity of 3.16 
g H h - 1 were found. Schaefer etal. (1985) found that upon comparison with batch 
fermentation, the results were poor, with lactose being utilised completely in permeate 
containing 100 g H lactose, at 9 1 % theoretical yield. 
2.4.4.2 Continuous culture with cell recycle 
Generally, the efficiency and productivity of a continuous fermentation process can be 
enhanced by the addition of a cell recycle system. Janssens etal (1984) investigated a 
single stage continuous fermentation process involving a 1 0 0 % cell recycle. A n ethanol 
productivity of 7.1 g Hh"1, at a dilution rate of 0.15 h"1, resulted in an 8 8 % theoretical 
ethanol yield when K. fragilis C B S 397 was grown on deproteinated cheese whey medium 
containing 100 g H lactose. Ethanol yields and productivities decreased markedly with an 
increased dilution rate and/or an increased lactose concentration. The results obtained using 
this cell recycle system showed significant improvements on those gained in batch 
fermentations using the same yeast, as reported by Moulin etal. (1980a, b), Vienne and von 
Stockar (1983) and W a n g etal. (1987). 
Vienne and von Stockar (1985b) also studied a cell recycle system using K. fragilis NRRL 
665 on whey permeate containing 46 g H lactose. A five-fold increase in productivity was 
obtained compared with a free cell system. However, the authors observed very similar 
results for ethanol productivity and cell growth, using a flocculating strain K. lactis N C Y C 
571 on the same medium, without the drawbacks of susceptibility to fouling, complicated 
use or difficulty of fermentation control inherent in membrane cell recycle processes. 
2.4.4.3 Continuous culture with immobilised cells 
The use of immobilised living cells has several advantages over the traditional free cell 
fermentation, including higher fermentation rates due to higher cell packing, higher specific 
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product yields, easier control of fermentation processes and the possibility of operating at 
higher dilutions without washout (King and Zall, 1983 a, b; Roukas and Lazarides, 1991). 
In general, cell immobilisation results show better ethanol productivities, but often low 
ethanol yields result, as well as a high residual lactose concentration. Some results for 
lactose fermentations can be seen in Table 2.6. 
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2.5.0 NEW BIOLOGICAL APPROACHES 
2.5.1 INTRODUCTION 
Four major areas have been studied with the aim being to improve the whey to ethanol 
fermentation process by biological means. These areas include genetic engineering, strain 
selection, the use of mixed cultures and thermotolerant organisms. 
2.5.2 GENETIC ENGINEERING 
A number of attempts have been made to produce a more ethanol tolerant lactose 
fermenting yeast. T w o approaches have been taken to achieve this: protoplast fusion and 
recombinant D N A technology. 
The aim of protoplast fusion has been to combine desirable properties of the parental 
strains, resulting in a high ethanol tolerant yeast strain capable of lactose fermentation. 
Faranak etal (1986) studied fusants of K. fragilis and S. cerevisiae grown in a semi-
synthetic medium. The resultant fusants were capable of assimilating lactose and produced 
ethanol in excess of 13 %v/v, a 3 0 % improvement over the parent K. fragilis strain. 
Fusants of K. lactis and S. cerevisiae grown in a synthetic medium were studied by Spencer 
etal (1990). The ethanol yields produced were equivalent to those for the parental K 
lactis strain. However, further work regarding the evaluation of long term stability and 
performance ofthe fusants in whey is required, especially as there are still problems with the 
fusion strains remaining sensitive to lactose inhibition. 
Recombinant DNA technology has been used to develop a strain of yeast that can produce 
higher ethanol yields and has a higher ethanol tolerance than the lactose utilising strains 
currently used. This may be achieved by introducing a P-galactosidase gene into S. 
cerevisiae (Russell, 1986). 
Jeong etal (1991) developed recombinant strains of S. cerevisiae which contained both an 
integrated and autonomously replicating plasmid. The lactose utilising genes present in the 
plasmid were obtained from K. lactis. The maximum ethanol concentration produced was 
only 400 g ml-1. The authors observed that 7 6 % of cells retained the plasmid after 8 days 
fermentation. 
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Although further studies in the genetic engineering of strains needs to be performed, the 
information available to date is promising. The commercial value of an ethanol tolerant, 
high ethanol producing lactose utilising yeast is very high. 
2.5.3 STRAIN SELECTION 
Adaptation of yeast to a high lactose environment can help overcome the limitation of many 
lactose fermenting yeasts, rendering them able to ferment high lactose concentrations. 
Kosikowski and Wzorek (1977) and Gawel and Kosikowski (1978) successively transferred 
yeast strains to higher lactose concentrations, thereby enabling adaptation to higher 
concentrations. They reported that ethanol yields and productivity were higher in the 
adapted strain compared with the non-adapted strain. Rajagopalan and Kosikowski (1982) 
obtained the best result using an adapted strain of K. fragilis N R R L Y-2415. Whey 
containing 240 g H lactose was fermented to give 84.3% theoretical ethanol yield and a 
batch ethanol productivity of 3.2 g Hh"1, which were comparable to the results of Gawel 
and Kosikowski (1978). 
2.5.4 MTXED CULTURES 
The presence of monosaccharides in whey fermentation medium has been associated with a 
reduction in fermentation rates. This has been attributed to catabolite repression, and is due 
to the small amounts of both glucose and galactose naturally present in the whey. In order 
to improve fermentation rates, a coculture may be employed, thereby creating a sink for any 
monosaccharides present (Tu etal, 1985; W a ng etal, 1987). Mixed cultures also have the 
advantage of improving cell yield and offering better resistance to contamination, compared 
to a pure monoculture fermentation (Kallel-Mhiri etal, 1994). 
Kamini and Gunasekaran (1989) studied mixed cultures of K. fragihs NRRL 665 and the 
bacterium Zymomonas mobilis N R R L B 1960 and 4286. Z mobilis is capable of 
fermenting glucose, but not galactose or lactose. The authors found that in a complete 
medium containing 200 g H lactose, a coculture of K. fragilis and Z mobilis 4286 
produced a theoretical ethanol yield of 5 9 % and a productitity of 1.26 g Hlr1, compared 
to the monoculture of K. fragilis which produced a theoretical ethanol yield of 47.7% and 
a productivity of 1.02 g Hh"1. A loss of yield was observed by the authors when the 
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lactose concentration ofthe medium was increased to 250 g H , with the coculture giving 
4 8 % ofthe theoretical yield and a productivity of 1.28 g Hh"1, whilst the monoculture 
gave 4 1 % ofthe theoretical yield and a productivity of 1.1 g Hh"1. It was suggested that 
the improvement in ethanol yield by the coculture may be attributed to the rapid use of 
glucose by Z mobilis and galactose by K. fragilis. However, by comparison with the yields 
obtained in media with high lactose concentrations, using single cell culture, the yields 
obtained by Kamini and Gunasekaran (1989) are poor (Section 4.2). 
The fermentation of co-immobilised K. fragilis NRRL 665 and Z mobilis NRRL B 4286 
was compared to that of immobilised K. fragilis by Gunasekaran and Kamini (1991). In a 
complete medium containing 200 g H lactose, the co-immobilised organisms produced a 
7 0 % theoretical ethanol yield and a productivity of 1.0 g Hh"1. In comparison, immobilised 
K. fragilis gave a theoretical ethanol yield of 6 2 % and a productivity of 0.88 g Hh"1. This 
result saw an improvement on the authors' previous work (as above), but on comparison 
with yields obtained by single cell culture in concentrated medium (Section 2.4.2) the yields 
obtained were still poor. 
Friend etal (1982) found no advantage in using mixed cultures of K. fragilis FST and S. 
cerevisiae A T C C 834, over monocultures of K. fragilis. O n a sweet whey permeate 
medium containing 51 g H lactose, both cultures gave a productivity of 0.83 g Hh" 1 and an 
8 0 % theoretical ethanol yield. 
The performance of a coculture of K. marxianus CBS 397 and S. cerevisiae was 
investigated by Tu etal (1985). Mozarella cheese whey containing 160 g H lactose, 2.7 g 
H glucose and 10.8 g H galactose was prefermented by S. cerevisiae, followed by K. 
marxianus fermentation. The results showed a 20 %w/v greater lactose fermentation rate 
compared with K. marxianus monoculture. The authors suggested the improved 
fermentation rate resulted from an interaction between the two yeasts, whereby any 
monosaccharides accumulated were utilised by S. cerevisiae. It was also observed that 
w h e n & cerevisiae and AT. marxianus were co-inoculated, at initial cell concentrations of 7.0 
and 0.2 g H respectively, lactose utilisation was 2 0 % faster and a slightly higher ethanol 
yield resulted in comparison to a monoculture ofK. marxianus. 
From the variability of the results obtained, there is a need for further research to be 
performed regarding the value of mixed culture fermentations. 
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2.5.5 THERMOTOLERANT ORGANISMS 
Normally yeasts are mesophilic with optimum temperatures at around 30°C. However, 
recently there has been interest in using thermotolerant strains able to ferment carbohydrates 
at temperatures of greater than 40°C. A number of strategies have been suggested to do 
this. They include: screening as many yeast strains as possible for the ability to withstand 
high temperatures and produce acceptable ethanol yields; to progresively adapt selected 
strains to growth at higher temperatures and higher ethanol concentrations; to selectively 
isolate yeasts with the desired characteristics from the environment; and finally, to expose 
selected strains to mutagenic agents and then selecting survivors after cultivating treated 
cells at high temperatures (Anderson etal, 1986; Banat etal, 1992; Ballesteros etal, 
1993) 
Anderson etal (1986) studied the ability of K. marxianus CBS 712 and CBS 397 to 
ferment glucose and cane syrup to ethanol at high temperatures. They found that 
theoretical ethanol yields of 85-90% at temperatures up to 47°C could be achieved. The 
advantage of performing fermentations at higher temperatures are that the rate of substrate 
consumption and ethanol formation is faster than that at lower temperatures, ethanol 
recovery is facilitated due to the energy required for distillation being less because of the 
higher medium temperature, and savings on running costs of refrigerated termperature 
control that is needed to keep the medium at constant lower temperatures. Unfortunately, 
the inhibitory effect of ethanol increases with increases in temperature, which somehow 
needs to be overcome. It was suggested by Anderson etal (1986) that it may be possible 
to genetically engineer a yeast capable of fermenting at 50°C, whilst still producing 10-15 
% w / v ethanol yields and retaining cell viability. 
Each of these strategies can be adapted to the whey to ethanol fermentation process. This 
could be especially useful in tropical areas where these fermentations are not economically 
viable, due to the high capital costs involved in refrigeration of the equipment. Further 
research needs to be conducted in this area. 
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2.6.0 INDUSTRIAL WHEY TO ETHANOL FERMENTATIONS 
The concept ofthe whey to ethanol fermentation was first proposed in the 1940s, yet, the 
first industrial scale process was not commissioned until 1978. Currently, there are a 
minimum of 9 commercial whey to ethanol fermentation plants worldwide. Four plants are 
located in N e w Zealand, three in the U S A , one in Ireland and possibly one in Poland 
(Wongso, 1993). Even with these plants utilising whey, it makes little indentation on the 
total world production of whey. The operation of commercial plants is discussed below 
based on the limited literature available. 
The first commercial whey to ethanol operation was commissioned in 1978 by Carbery Milk 
Products Ltd., in the Republic of Ireland (Hansen, 1980a,b,c; Howell, 1981; Sandbach, 
1981a,b; Barry, 1982). A flow diagram ofthe Carbery Process can be seen in Figure 2.4. 
The process begins with the separation of fat from the whey via a rough filtering process. 
The whey then undergoes ultrafiltration to remove any protein present. The resulting whey 
permeate (containing approximately 45 g H lactose) is pumped, via a balance tank, to the 
fermentation vessels. The throughput of the ultrafiltration plant is 500 1/day of whey 
permeate. Yeast propagation normally occurs in the fermentation vessel. However, to 
ensure an active yeast is present, a sub-system of growth tanks are maintained. This 
involves successive growth of the culture in 5 litre laboratory flasks, to a 27 litre 
preparation tank prior to innoculation ofthe fermenter tanks. The yeast culture and whey 
permeate are both pumped to one of six 114 litre conical shaped fermentation vessels. 
Normally, three vessels are involved in the fermentation, while one is filled, one feeds the 
still and the other is cleaned. The batch fermentation process lasts 20 hours, with the yield 
obtained being 8 6 % ofthe theoretical yield. Upon completion ofthe fermentation the wash, 
containing around 22 g H ethanol, is first centrifuged to remove the yeast and then 
transferred to the still. The recovered yeast is either reused or any excess is dried and 
exported for use in edible products. The distillation process is a continuous one, with a 4 
column arrangement being used. The resulting pure high quality potable grade ethanol is 
normally used for spirit production. All effluent generated from the wash plant is treated in 
a large anaerobic digester to reduce both the phosphate level and the B O D further. 
There are four whey to ethanol plants in New Zealand, producing around 9 million litres of 
ethanol per year, which supplies both the domestic and a limited export market (Howell, 
1981; M a w s o n 1987; Mawson, 1990; M awson 1994; M awson and Taylor, 1989). The first 
plant was commissioned in 1980, by the N e w Zealand Co-operative Dairy Company, at 
Reporoa. The Reporoa plant purchased the technology ofthe Carbery Process for ethanol 
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manufacture. Therefore the resultant process is essentially the same as at Carbery with 
ultrafiltration ofthe whey, then a 16 hour batch fermentation followed by distillation ofthe 
ethanol. 
The Tirau plant was the second to be commissioned in New Zealand, in 1981. This process 
differs from that at Reporoa, in that the fermentation is a three stage continuous stirred-
tank process, as can be seen in Figure 2.5. Yeast recycle is used, as at Carbery and 
Reporoa, but the Tirau plant operates for only 4-5 months per year. 
Clandeboye and Edgecumbe are the other whey to ethanol plants in New Zealand, both 
being commissioned in 1982. The whey for the Clandeboye plant is supplied by a 
neighbouring cheese factory 100m away, through an overhead piping system. It is reported 
that only 2000 litres of raw alcohol or 1000 litres of refined alcohol are produced at 
Clandeboyne, due to the plant capacity being only 136,000 1 of whey per day (Gooding, 
1982; Mawson, 1987). The Edgecumbe plant is unique amongst the four N e w Zealand 
plants due to its ability to produce alcohol from maize during the winter months, when 
whey is not available. The production process is similar to the other plants (Mawson, 
1987). 
Both Reporoa and Tirau are operated by the Anchor Ethanol Company, whilst Clandeboye 
is operated by Chemical Technology Ltd., and Edgecumbe is operated by the N e w Zealand 
Distillery Company, Ltd. The main differences with each ofthe plants is the type of whey 
used and the grades of alcohol produced, all of which can be seen in Table 2.7. Currently, 
the combined production ofthe three major distilleries in N e w Zealand (Reporoa, Tirau and 
Edgecumbe) exceeds 17 x IO6 litres of absolute ethanol per annum. Presently, over 2 5 % of 
all whey produced in N e w Zealand is fermented to ethanol, satisfying the entire potable and 
industrial ethanol market in N e w Zealand, whilst reducing a huge environmental problem. 
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Table 2.7 Whey alcohol production in New Zealand 
(adapted from Mawson 1987, 1994) 
Distillery 
Date 
commissioned 
Substrates 
processed*1 
Design capacity* 
Current 
production* 
Grades of alcohol 
produced (v/v) 
Reporoa 
September 
1980 
LACWS 
SACWS 
2.5 x IO6 
>6 x IO6 
Industrial 95% 
99+% 
Potable 96% 
Tirau 
September 
1981 
Various 
4.3 x IO6 
>4.8 x IO6 
Industrial 
95% 
Clandeboye 
September 
1982 
Cheese whey 
0.5 x IO6 
? 
Industrial 95% 
99+% 
Potable 96% 
Edgecumbe 
October 1982 
SACWP 
maize 
other grains 
2.5 x IO6 
>5 x IO6 
Industrial95% 
99+% 
Potable 96% 
a
 Lactic or sulphuric acid casein whey serum (from lactalbumin manufacture) or 
permeate (from whey protein concentrate manufacture). 
* Production in litres absolute ethanol p.a. 
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2.7.0 DISCUSSION 
Overall, an optimum whey to ethanol fermentation can be achieved by operating at a 
temperature of 30-40°C, a p H in the range of 4.0-6.0 (with p H control being unnecessary), 
an inoculum size of 1-2%, microaeration and, if supplementation is required, addition of 
yeast extract at a level of 4-8 g H should be employed. Any nutrient limitation of whey can 
be sufficiently overcome by addition of yeast extract alone. It should be noted that nutrient 
supplementation of whey has not been reported for any industrial whey to ethanol process. 
This is probably the result ofthe inhibitory cost of such a supplementation. 
A number of scientific approaches have been used to try and improve or overcome 
limitations of the whey to ethanol fermentation process. These approaches have covered 
two areas, both technological and biological, with mixed success. Fermentation using 
hydrolysed whey, with the aim of using a more ethanol tolerant yeast such as S. cerevisiae, 
has been impeded by catabolite repression on K. marxianus resulting from the presence of 
glucose in the medium. Both the problem of catabolite repression ofthe yeast and the high 
cost ofthe enzyme lactase, has prevented the process being employed by industry. The use 
of concentrated whey has been investigated in order to try and overcome the high cost of 
ethanol recovery. However, a number of problems are evident with the fermentation of 
concentrated whey. The major problem is the slower fermentation rate, due to a 
combination of adverse effects exerted by high lactose, salt and ethanol concentrations and 
high osmotic pressure. Economic viability of the use of concentrated whey, to lactose 
concentrations of more than 100 g H , is only reasonable if the whey is processed at a 
centralised facility. The costs of preconcentration and membrane replacement limit the 
maximum lactose concentration to about 100 g H for on-site fermentation (Mawson, 
1990). Fermentation at this concentration had been successfully commercialised at Carbery 
and recently, Edgecumbe. Continuous culture has also been successfully commecialised at 
Reporoa. 
Cell immboilisation and membrane bioreactor approaches have given promising results, but 
have not yet been adopted by industry. These methods have the advantage of high 
productivity being achieved, but often at the expense of lower ethanol yields and higher 
residual lactose. At this stage these areas are not economically justifiable due to the high 
costs resulting from the further treatment of the residual sugar in the effluent and costs 
associated with product recovery. The application of approaches such as genetic 
manipulation of the yeast strain and the use of mixed cultures, is still confined to the 
laboratory scale. In the future it is likely that these areas will be considered by industry to 
improve the whey to ethanol fermentation process. 
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SECTION 3 
MATERIALS AND METHODS 
3.1 MATERIALS 
3.1.1 Microbiological media 
The following media were used in this study: 
(1) Malt extract agar (MEA) 
Agar slants and plates used for culture maintenance was M E A agar obtained from Oxoid 
Ltd (Oxoid No. C M 57, Basingtonstoke, England). 
(2) Skim milk permeate 
Skim milk permeate was obtained from Sandhurst Farms, Bendigo, and used for all 
fermentations. The average lactose content ofthe permeate was 49 g H. 
3.1.2 Chemicals 
All chemicals used were of analytical grade. Their sources were BDH Chemicals Ltd 
(Dorset, UK) and Ajax Chemicals (Sydney, Australia). 
3.1.3 Gases and other materials 
Oxygen free nitrogen and oxygen gas were supplied by CIG (Melbourne, Australia). 
3.1.4 Yeast strains 
The yeast strains K. marxianus CBS 5795 and ATCC Y-l 179 were supplied by Massey 
University (Palmerston North, New Zealand). M E A media was used to maintain yeast 
cultures, with regular subculturing (every month) onto fresh M E A slopes and incubated at 
30°C for 24h. Yeast inoculum was prepared by inoculating a 5 ml broth of skim milk 
permeate, with a loop of culture grown on M E A slope. The broth was incubated at 30°C 
for 24h with occasional shaking. 
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3.2 STERILIZATION AND CLEANING 
3.2.1 Media sterilization 
All culture media were sterilized by autoclaving at 121°C for 15 min. Pipettes, funnels and 
bottles were sterilized by dry heat autoclaving at 115°C for 30 minutes. The 1 litre 
fermentation vessel containing the media and associated components, except the p H probe, 
were sterilized in an autoclave for 15 min at 121°C. The p H electrode for insertion into the 
fermenter was sterilized in 50 %v/v aqueous ethanol for 18h and rinsed with sterile distilled 
water immediately before use. Additional sterilized media was aseptically added to the 
culture vessel to achieve a volume of 1 litre. For the scale-up fermentation, the 
fermentation media and all probes were internally sterilized at 121°C for 10 minutes. 
3.2.2 Cleaning of glassware 
All glassware was washed in hot water and detergent, rinsed in tap water, and then in 
distilled water, and hot air dried. The 10-litre fermentation apparatus was washed by filling 
the vessel with water and adding 150-200 ml of orthophosphoric acid. This mixture was 
maintained at 75°C for 4-6 hours. The vessel was then rinsed with distilled water and left 
to dry. 
3.3 ANALYTICAL METHODS 
3.3.1 pH measurement 
Routine pH measurements were made using a Testo pH meter (Type 04, Testo GmbH and 
Co., Lenzkirck, Germany) which was calibrated prior to use with p H 4.0 and 7.0 buffers. 
3.3.2 Determination of biomass dry weight 
A calibration curve was constructed for determining yeast biomass dry weight from A^oo 
values using a Varian spectrophotometer ( D M S 100 UV/VIS, Varian Scientific, California, 
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U S A ) . The yeast K. marxianus A T C C Y-l 179 was grown aerobically in batch shake-flask 
culture for 48 h. At different stages of growth samples were removed, A ^ o for different 
dilutions was determined, and dry weight was estimated using the following method. A 
known volume of fermentation culture was centrifuged (4,000 rpm, 5°C, 10 min) using a 
Sorvell centrifuge (RC-5C automatic superspeed refrigerated centrifuge, Dupont 
Instruments, U S A ) and the cell pellet was washed in water, recentrifuged and resuspended 
m water (8-10 ml). The suspension was placed in a pre-weighed pre-dried container and 
dried in a hot air oven at 105°C for 24 h. After drying, the containers were placed in a 
desiccator for at least 2 h before being weighed. K. marxianus C B S 5795 was also grown 
in shake-flask for 24 and 48 h and absorbance and dry weight results showed the calibration 
curve for K. marxianus A T C C Y-l 179 was also valid for this yeast. The calibration curves 
for absorbance at different dilutions versus dry weight are shown in Figure 3.1. 
—»-1 /1 0 dilution 
•^-•1/25 dilution 
- •-1/50 dilution 
••<>• 1/100 dilution 
0.5 1 1.5 2 
Dry weight (g/1) 
2.5 
Figure 3.1 Calibration curves for biomass determination 
3.3.3 Analysis of sugars 
Lactose, glucose and galactose were measured using a Water's H P L C system consisting of a 
Model 510 pump and a Model 410 refractive index detector (Millipore Corp./Waters 
Chromatography, Milford, M A , U S A ) . Carbohydrates were separated on an Alltech 
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Benson Carbohydrate column (BC-100 Ca"*-1", 300mm x 7.8 m m , Alltech Scientific, 
Deerfield, Illinois, U S A ) . The recommended Benson Carbohydrate guard column (Alltech 
Scientific, Deerfield, Illinois, U S A ) was used to filter out harmful particles. Milli-Q 
(Millipore Corp./Water's Chromatography, Milford, M A , U S A ) distilled-deionised water 
(boiled and degassed) was used as the mobile phase with a flow of 0.5 ml min"1. The water 
was maintained at 85°C in a solvent reservoir. Standard solutions of lactose, glucose and 
galactose were prepared in the range of 5-50 g H . Mannitol was used as an internal 
standard at a concentration of 40 g H . All samples were eluted through Sep-Pak C j 8 
cartridges (Waters Associates, Inc., Milford, M A , U S A ) . The sample volume injected was 
10 |xl. Sugar concentrations were calculated by measuring the relative area ofthe sugar and 
mannitol peaks and comparing this with the standard curve prepared from values for the 
known standard solutions. Retention time was used to identify lactose, glucose and 
galactose in the samples; they were 10.97, 12.90 and 14.50 minutes respectively. 
3.3.4 Ethanol analysis 
A Varian gas chromatograph (Star Model 3400, Varian, California, USA) fitted with a 
flame ionization detector and autosampler (Model 3200, Varian, California, U S A ) was 
used. A n 30 m x 0.25 m m ID Alltech Econo-Cap column containing Carbowax was used 
(Alltech Scientific, Deerfield, Illinois, U S A ) at a carrier gas (hydrogen) flow rate of 75 ml 
min"1 and a column temperature of 40°C. The injector temperature was 150°C, while the 
detector temperature was 260°C 
Propanol (4.0 g H, AR Grade, BDH Chemicals, Dorset, UK ) was used as an internal 
standard. Standard ethanol solutions (AR Grade, B D H Chemicals, Dorset, U K ) , in the 
range 1.0-25 g H were prepared. The sample volume injected was 10 ul. Ethanol 
concentration was calculated by measuring the relative areas of the ethanol and propanol 
peaks and comparing this with the standard curve prepared from values for the known 
standard solutions. 
3.3.5 Protein analysis 
The total nitrogen was determined using the standard Kjeldahl digestion and titration 
method. The final result was multiplied by 6.25 to give the protein concentration. 
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3.3.6 Lactic acid analysis 
Lactic acid analysis was performed via a titration. A 5 ml aliquot ofthe sample was taken 
and diluted to twice the volume. The sample was titrated against 0.1 M N a O H using 
phenolphthalein as the indicator. The specific gravity ofthe sample was also determined 
using a Paar digital density meter (Model D M A 35, Paar instruments, Austria). Lactic acid 
was calculated using the conversion factor of 1 ml of 0.1 M N a O H = 0.0090 g lactic acid. 
3.3.7 Calculation ofthe theoretical ethanol yield (%) 
The theoretical ethanol yield (%) is the ratio of the actual ethanol concentration to the 
maximum theoretical ethanol concentration based on the lactose consumed. Assuming that 
the lactose concentration ofthe permeate is 45 g H , the maximum amount of ethanol that 
can be produced is 25 g H . If the lactose concentration varied greatly from this value, 
ratios were used to calculate the maximum amount of ethanol that could be produced. 
3.4 F E R M E N T A T I O N C U L T U R E C O N D I T I O N S 
3.4.1 Batch shake-flask culture 
Conical flasks containing 200 ml of medium in 250 ml conical flasks, and stoppered with 
cotton wool, were incubated at 30°C in a shaking water bath (Grant Instruments, 
Cambridge, England) at 100 rpm. A 0.5% inoculum was added to the medium. Samples of 
the fermentation broth (20 ml) were analysed to determine biomass concentrations. 
3.4.2 Batch fermentation culture 
3.4.2.1 1-litre fermentation apparatus 
The fermenter used was a Biolab Minifermeter system (B. Braun Scientific Co., Germany) 
equipped with a 1-litre pyrex glass vessel. All probes used were those that belonged to the 
Biolab Minifermeter system. Where necessary, either 1 M HC1 or 1 M N a O H were used for 
p H control, delivered using a peristaltic pump. For fermentations with p H control, the p H 
ofthe culture medium was maintained at p H 5.5±0.1. Prior to each fermentation, the p H 
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electrode was calibrated using p H 4.0 and 7.0 buffer solutions. Agitation was maintained at 
100 rpm, whilst the fermenter temperature was maintained at either 30+0.2°C or 38+0.2°C. 
Oxygen was supplied to the fermenter from a gas line fitted to the fermenter control 
equipment. The oxygen volume was maintained at 0.2 w m . The measured air was passed 
through a sterile Millipore filter (Millipore Corp./Water's Chromatography, Milford, M A , 
U S A ) before entering the culture vessel. The oxygen present in the fermentation vessel was 
measured using the standard oxygen electrode provided. Prior to inoculation, the oxygen 
probe was calibrated by sparging oxygen-free nitrogen gas through the oxygen supply 
system, into a closed jar, to obtain zero saturation conditions. Oxygen was then sparged 
into the system to give conditions of 100 % air saturation. 
The inoculum was added via a sterilised port hole at the top of the vessel. Sampling was 
achieved by using a sterile syringe to obtain 20 ml samples. All fermentation samples were 
immediately analysed for cell growth via the A^QQ calibration (Section 3.3.2). The 
remainder of the sample was centrifuged (4,000 rpm, 10 min, 5°C) and the supernatant 
stored at -20°C for ethanol, lactic acid and sugar analyses. 
3.4.2.2 10-litre fermentation apparatus 
The fermenter used was a Biostat E 10 litre culture apparatus (B. Braun Scientific Co., 
Germany), although a fermentation volume of 8 litres of permeate was used. All standard 
probes were used to detect temperature, dissolved oxygen, and pH. The fermentation 
temperature was maintained at 30±0.2°C. N o aeration or p H control were used for the 
fermentation. 
The inoculum was added through a sterilised port hole at the top of the vessel. Samples 
were taken via the sample outlet at the bottom ofthe fermentation vessel. After allowing 5 
ml of medium to run through the sample outlet, a 20 ml sample was taken. All samples 
were immediately analysed for cell growth via the A ^ o calibration. The remainder ofthe 
sample was centrifuged (4,000 rpm, 10 min, 5°C) and the supernatant stored at -20°C for 
ethanol, lactic acid and sugar analyses. 
3.5 EXPERIMENTAL DESIGN 
The experimental design used for the initial trials was a Plackett-Burman Design (Stowe and 
Mayer, 1966). The Plackett-Burman design is based on a balanced incomplete factorial 
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design. Its main purpose is to screen large numbers of possible variables in order to select 
the more significant ones for further study. 
The design matrix has each variable working at two levels, with 'plus' denoting the high 
level and 'minus' denoting the low level. The first row of the design matrix is given in 
Figure 3.2, and is designated N, the number of experiments. The remainder ofthe matrix is 
generated by shifting the row cyclically one place N-2 times and then adding a final row of 
minus, signs (Stowe and Mayer, 1966). The highest theoretical number of variables that can 
be tested is N-l. 
N=8 + + + - + - -
Figure 3.2 The first row of the design matrix for a Plackett-Burman design 
(from Stowe and Mayer, 1966) 
For this research 8 experiments were conducted. Up to 6 variables could have been 
analysed, with the remaining variable acting as a dummy variable. The effect of a variable on 
the response is the difference between the average value ofthe response for the four runs at 
the high level and the average value ofthe response for the four runs at the low level, as in 
Equation 3.1. 
EA = Ratr+>) - RatM (3.1) 
4 4 
where E\ = effect of A 
R = response or result 
Dummy variables give an estimate ofthe error involved in the design ofthe experiment, the 
methodology and any personal error involved. They also act as an estimate ofthe degrees 
of freedom in the experiment. The dummy variables are combined to give an estimate of 
variance of an effect, as in Equation 3.2. 
43 
V e f f = ^ ! £ d ) 2 (3.2) 
n 
where Veff = variance of an effect 
E<j = effect shown by a dummy 
n = number of d u m m y variables 
The standard error of an effect is determined by calculating the square root ofthe variance 
of effect (Equation 3.3). Thus, it is possible to calculate the significance of each effect by 
using the statistical t-test, as in Equation 3.4. The significance level is normally tested at the 
70-80 % level. 
SE = VV^ff (3.3) 
where SE = standard error 
t = effect (3.4) 
Standard error 
It was decided to test five variables these being: temperature, pH, permeate type, oxygen 
addition and yeast type. The high and low values for each of the variables can be seen in 
Table 3.2. Each of the remaining variables were designated d u m m y variables. The 
statistical significance of each of the variables was calculated by comparing the ethanol 
concentrations at 24 h for each trial. 
Table 3.2 Variables used for this research 
VARIABLE 
Temperature (°C) 
pH 
Oxygen added 
Permeate type 
Yeast strain 
LOW LEVEL 
30 
Controlled 
No 
Unsupplemented 
ATCC Y-l 179 
HIGH LEVEL 
38 
Uncontrolled 
Yes 
Supplemented 
CBS 5795 
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SECTION 4 
RESULTS AND DISCUSSION 
4.1 INTRODUCTION 
The overall aim of this research was to produce industrial grade ethanol from skim milk 
permeate. Upon achieving this aim, the determination ofthe K. marxianus strain that was 
most efficacious for ethanol production and the optimum environmental parameters to 
achieve ethanol production were studied. Batch fermentations, initially 1 litre, were 
conducted to determine these optimal parameters. After determining the optimal 
environmental parameters and yeast strain for the 1-litre fermentation, an 8-litre batch 
fermentation using these conditions was conducted. The results of all the fermentations are 
presented below. 
4.2 PLACKETT-BURMAN TRIALS 
4.2.1 Background to the trials 
Initially, a Plackett-Burman design was chosen to compare a number of variables that 
appeared to affect optimal ethanol yields for the whey to ethanol fermentation in previous 
reports (Section 3.5). The variables chosen were temperature, medium supplementation, 
the use of p H control, addition of oxygen, and the yeast strain used. As the Plackett-
Burman design requires a maximum and minimum level of each variable to be tested, a 
literature review was used to aid in the determination of these leveis. 
A temperature of 30°C was chosen as the minimum level, as this has been suggested as the 
optimum level for K. marxianus growth, while the maximum level selected was 38°C, which 
Vienne and von Stockar (1985a) reported as the optimum temperature for ethanol 
production by K. marxianus (Section 2.3.2). 
It has been shown by many researchers (Burgess and Kelly, 1979; Chen and Zall, 1982; 
Vienne and von Stockar, 1983; Zayed and Foley, 1987), that the addition of yeast extract, 
prior to the commencement ofthe fermentation, can overcome any nutrient limitation ofthe 
permeate medium, as yeast extract provides both a source of nitrogen and growth 
promoting factors (Section 2.3.4). Vienne and von Stockar (1983) established that a ratio 
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of 3.75 g H yeast extract to 50 g 1-1 lactose is the minimum concentration to add in order to 
avoid nutritional limitation of permeate. Therefore, supplementation of the skim milk 
permeate was achieved by adding yeast extract at 3.75 g 1-1. 
As the optimum pH for growth ofK. marxianus in cheese or sweet whey is in the range of 
p H 5.0 to 6.0 (Rogosa etal, 1947; Castillo etal, 1982; Marwaha and Kennedy, 1985a, b; 
Vienne and von Stockar, 1985b; Zertuche and Zall, 1985, Tu etal, 1985; Zayed and Foley, 
1987; Ghaly etal, 1992), p H control was set at p H 5.5 (Section 2.3.3). The addition of 
oxygen to the medium was kept at 0.2 w m which falls within the range established in the 
work of Zertuche and Zall (1985) and Zayed and Foley (1987) (Section 2.3.5). It should be 
noted that the dissolved oxygen content (DO) slowly decreased throughout the fermentation 
time, due to consumption of oxygen by the yeast. The choice ofK. marxianus strains C B S 
5795 and A T C C Y-l 179 was based on screening results ofK. marxianus yeasts for ethanol 
production by Russell (1993). These two strains were shown to produce ethanol yields of 
8.5 and 9.1 g H ethanol respectively on rich lactose media after 24 h. 
4.2.2 Trial conditions 
The conditions ofthe Plackett-Burman trials can be seen below in Table 4.1. Further 
discussion of how the Plackett-Burman design works can be found in Section 3.5. 
Table 4.1 Conditions used for each ofthe Plackett-Burman trials performed. 
The K. marxianus strains used were + C B S 5795 and - A T C C Y-1179; 
C is controlled and U/C refers to uncontrolled; Y is yes and N is No. 
Trial No. 
1 
2 
3 
4 
5 
6 
7 
8 
Variables used 
Oxygen 
addition 
N 
N 
N 
Y 
Y 
Y 
N 
Y 
Temperature 
(°C) 
30 
38 
30 
38 
30 
38 
38 
30 
Permeate 
supplementation 
Y 
Y 
N 
Y 
N 
N 
N 
Y 
Yeast 
type 
+ 
-
-
+ 
+ 
-
+ 
-
pH 
U/C 
c 
c 
c 
c 
U/C 
U/C 
U/C 
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4.2.3 Trial results and discussion 
The results for Trial 1 can be seen in Figure 4.1, with full details ofthe results given in 
Appendix 1 (Table Al.l). It can be seen that total lactose consumption occurred by 
approximately 40 h, with the maximum ethanol yield of 20 g l"1 (80 % theoretical yield) 
also occurring at this time. Biomass yield showed a typical microbial growth curve with the 
lag phase occurring between 0 and 12 h, exponential growth between 12 and 30 h, while the 
stationary phase was evident until the end of the fermentation at 48 h. The maximum 
specific growth rate (um a x) for trial 1 was 0.181 h-1. A high correlation was apparent 
between the greatest lactose consumption and exponential growth phase of K. marxianus 
C B S 5795. It should be noted that the skim milk permeate used contained 0.2% lactic acid 
prior to fermentation. Lactic acid production showed a steady increase over the 
fermentation period, increasing to 1 %w/v, which can be attributed to the increase in 
metabolic waste products. Upon carbohydrate consumption, it was observed that ethanol 
was consumed. This can be attributed to the yeast utilising another energy source for 
growth. 
• 
• 
— •-
o 
[lactose] (g/l) 
[ethanol] (g/l) 
-[biomass] (g/l) 
[lactic acid] (%) 
10 20 30 
Time (h) 
40 
Figure 4.1 Results for Trial 1. The strain studied was K. marxianus 
C B S 5795. The conditions used were: 30°C; no addition of 
oxygen, pH-uncontrolled; permeate-supplemented. 
Most ofthe carbohydrates were consumed by 24 h for trial 2, with the maximum ethanol 
yield of 14 g H (56 % of theoretical yield) also occurring at this time (Figure 4.2). In 
contrast to trial 1, both glucose and galactose were detected in this fermentation. This 
could be attributed to K. marxianus A T C C Y-l 179 being unable to convert the 
carbohydrates to ethanol as quickly as it enzymatically broke down the lactose to the 
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monosaccharides. The higher temperature used for this fermentation resulted in a much 
shorter lag and exponential phase of microbial growth, although the stationary phase was 
longer than that in trial 1. The n m a x for trial 2 was found to be 0.196 h"1. As in trial 1, 
ethanol was consumed as an energy source upon total consumption of carbohydrates. It is 
interesting to note that lactic acid increased to 2.5 %w/v with the rapid increase in microbial 
growth, although the levels stabilised from 15 h, to approximately 1 %w/v, this was 
different to the results observed in the other trials. The complete results can be seen in 
Appendix 1 (Table Al.2). 
u 
o 
U 
-_-
10 40 50 
• 
D 
— •-
O 
[lactose] (g/l) 
[Ethanol] (g/l) 
-[biomass] (g/l) 
[Lactic acid] (%) 
20 30 
Time (h) 
Figure 4.2 Results of Trial 2. The strain studied was K. marxianus 
A T C C Y-1179. The conditions used were: 38°C; no addition of 
oxygen; pH-controlled; permeate-supplemented. 
The results for trial 3 can be seen in Figure 4.3, with full details in Appendix A (Table 
A1.3). By comparison to those in trial 2, trial 3 using K. marxianus A T C C Y-l 179 showed 
a similar maximum ethanol yield of 14 g H (56 % theoretical yield), although this occurred 
at 36 h which may be due to the lower temperature used (30°C). Biomass production was 
very similar to that seen in trial 1 for K. marxianus C B S 5795 however, the u m a x differed 
greatly being 0.208 h"1. As in trial 2, glucose and galactose were detected between 15 and 
24 h. Total consumption of carbohydrates was observed at 36 h, although no ethanol 
consumption was observed in this trial. Again, lactic acid production was only slight with a 
maximum of 0.4 %w/v occurring at 48 h, corresponding to the increase in metabolic waste 
products. 
• 
Q 
— •• 
O 
[Lactos e] (g/l) 
[Ethanol] (g/l) 
-[Biomass] (g/l) 
[Lactic Acid] (%) 
50 
Figure 4.3 Results for Trial 3. The strain studied was K. marxianus 
A T C C Y-1179. The conditions used were: 30°C, no addition of 
oxygen; pH-controlled; permeate-unsupplemented. 
The most rapid consumption of lactose was observed in trial 4 by K. marxianus CBS 5795, 
as can be seen in Figure 4.4 (Full results in Appendix 1, Table A1.4). However, a build-up 
of both glucose and galactose occurred at 15 h. At 24 h, the maximum ethanol yield of 18 g 
H (72 % theoretical yield) occurred, along with the maximum biomass yield of 125 g H 
and consumption of carbohydrates. The u m a x for trial 4 was 0.193. By 48 h, the ethanol 
yield decreased to 12.5 g H (50 % theoretical yield) due to its consumption by the yeast for 
use as an energy source, which is undesirable as ethanol production is the aim of the 
fermentation process. If ethanol is consumed by the yeast, the result is a loss of income for 
the company employing the fermentation process. Lactic acid production reached a 
maximum of 0.6 % w/v at 48 h. Microbial growth occurred rapidly in this trial, with a lag 
phase of 6 h, exponential phase of 18 h and stationary phase of 24 h. 
The results for trial 5 can be seen in Figure 4.5, with full results present in Appendix 1, 
Table A1.5. The ethanol yield produced in trial 5 by K. marxianus C B S 5795 was 12 g l"1 
(62.5 % theoretical ethanol yield) at 24 h. It should be noted that the initial lactose 
concentration ofthe skim milk permeate used for trial 5 was only 36.5 g H , which has been 
taken into account in the calculation ofthe theoretical yield. This accounts for the apparent 
anomaly regarding theoretical ethanol yields for trials 4 and 5 (Section 3.3.7). One 
difference observed was that no ethanol was detected until 15 h, and even then the 
concentration was only 1 g H . A small amount of both glucose (0.5 g H ) and galactose 
(13.5 g H ) was found at 15 h, but by 24 h total consumption of all carbohydrates had 
occurred. The lactic acid concentration remained constant throughout the fermentation at 
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approximately 0.2 %w/v, although the biomass growth curve did show signs of entering the 
decline phase by 48 h. A high ^ m a x was found for this trial of 0.231 h"1. Again, ethanol 
consumption was observed with only 8.5 g H remaining at 48 h. 
• [Lactose] (g/l) 
D
 [Ethanol] (g/l) 
'•-[Biomass] (g/l) 
° [Lactic acid] (% 
Time (h) 
Figure 4.4 Results for Trial 4. The strain studied was K. marxianus 
C B S 5795. The conditions used were: 38°C; addition of oxygen; 
pH-controlled; penmeate-supplemented. 
10 40 
• 
a 
— •-
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[Lactose] (g/l) 
[Ethanol] (g/l) 
-[Biomass] (g/l) 
[Lactic Acid](%) 
20 30 
Time (h) 
Figure 4.5 Results for Trial 5. The strain useU was K. marxianus 
C B S 5795. The conditions used were:30°C, oxygen addition; 
pH-controlled; permeate-unsupplemented. 
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Trial 6 results were interesting in that only 5 % of the carbohydrates present were 
consumed by 15 h yet, total consumption had occurred by 24 h (Figure 4.6, full results in 
Appendix 1, Table A1.6). A correlation between the maximum biomass, maximum ethanol 
yield (16.5 g H , 66 % theoretical yield) and total lactose consumption at 24 h was 
observed, confirming the results obtained in the previous trials. For the trials conducted, 
the highest u m a x was found for this trial at 0.245 h"1. As in trial 5, a decline phase was 
evident by 48 h, with the maximum lactic acid concentration of 0.7 %w/v occurring at this 
time also, corresponding to the increase in metabolic waste products that result from yeast 
death. A decrease in ethanol yield of 2.5 g H was evident by 48 h due to the need of an 
energy source for the yeast K. marxianus A T C C Y-l 179. N o glucose or galactose was 
detected at any stage ofthe fermentation. 
10 40 
• 
• 
— •-
0 
[Lactose] (g/l) 
[Ethanol] (g/l) 
-[Biomass] (g/l) 
[Lactic acid] (%) 
50 20 30 
Time (h) 
Figure 4.6 Results for Trial 6. The strain used was K. marxianus 
A T C C Y-1179. The conditions used were: 38°C; oxygen 
addition; pH-uncontroIIed; permeate-unsupplemented. 
Biomass results for trial 7 varied greatly from those of other trials, as a maximum 
concentration of only 37.5 g I"1 was reached as can be seen in Figure 4.7 (full results can be 
found in Appendix 1, Table A1.7). Ethanol (0.5 g 1_1) was first detected at 8 h, which can 
be attributed to the fementation occurring at a faster rate due to the temperature used 
(38°C) promoting faster yeast growth. However, the [imax obtained for this trial was only 
0.158 h"1, which was the lowest for any trial conducted for the initial trials. The maximum 
ethanol yield obtained was 19.5 g H (78% of theoretical yield), corresponding with total 
carbohydrate consumption at 48 h. Galactose was detected from 12 to 15 h, at 
concentrations of 27 and 57.5 g H respectively, while glucose (5 g H ) was only detected at 
15 h. Lactic acid slowly increased over time from 0.2 to 0.5 %w/v. 
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Figure 4.7 Results for Trial 7. The strain used was K. marxianus 
CBS 5795. The conditions used were: 38°C; no oxygen 
addition; pH-uncontrolled; permeate-unsupplemented. 
A maximum ethanol yield of 18.5 g 1_1 (74 % theoretical yield ) was obtained at 24 h in trial 
8, with a decrease of 5.3 g 1_1 occurring in the last 48 h ofthe fermentation (Figure 4.8, full 
results in Appendix 1, Table A1.8). No glucose or galactose were detected at any stage, 
with total carbohydrate consumption by 24 h. The biomass concentration showed that yeast 
growth remained in the stationary phase throughout the last 24 h ofthe fermentation period. 
A (ifnax of 0.208 h"1 was found for this trial. The concentration of lactic acid varied 
between 0.3 and 0.4 %w/v throughout the fermentation. 
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Figure 4.8 Results of Trial 8. The strain studied was K. marxianus 
A T C C Y-1179. The conditions used were: 30°C; oxygen 
addition; pH-uncontrolled; permeate-supplemented. 
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4.2.4 General observations regarding the initial trials 
Before discussing the statistical analysis of these results, a number of observations can be 
made. The highest u m a x was observed in trial 6, with trial 5 also high. T w o common 
variables were present with these trials, they were oxygen was added and the use of 
unsupplemented permeate. However, the ethanol yields produced in both of these cases 
were approximately 6 5 % ofthe theoretical yield. The highest ethanol yields were obtained 
in trials 1 and 7, with the ^ m a x in each of these cases being 0.181 and 0.158 respectively, 
the lowest values for the trials, as can be seen in Table 4.1. This suggests that ethanol 
production is encouraged with low growth rates, while at high growth rates biomass 
production occurs at the expense of ethanol production however, further trials would need 
to be undertaken to establish this. 
Glucose and galactose were detected in trials 2, 3, 4, 5 and 7. It has been observed that in 
whey fermentations, the presence of monosaccharides has been associated with a reduction 
in fermentation rates (O'Leary etal, 1977a,b; Burgess and Kelly, 1979; Friend and Shahani, 
1979; Tu etal, 1985; W a n g etal, 1987). This has been attributed to catabolite repression 
where the presence of these sugars results in a decrease in the breakdown of lactose 
(Section 2.4.2 and 2.5.4). Monosaccharides were generally detected at between 12 and 15 
h, with the concentrations being less than 5 g I"1 for glucose, while the galactose 
concentrations varied between 5 and 58 g I"1. This was observed with both K. marxianus 
strains used. The ethanol yields in each of these trials were found to be below 10 g H when 
glucose and galactose were detected in the permeate, yet after consumption of the 
monosaccharides, the ethanol yields increased markedly (Figure 4.2-4.5 and 4.7). These 
results confirm catabolite repression due to the presence of monosaccharides. By 
comparison, in the trials where no monosaccharides were detected, ethanol production was 
generally more rapid. It should be noted that no monosaccharides were detected in the skim 
milk permeate prior to fermentation. 
A summary ofthe results obtained for trials 1 to 8 can be found in Table 4.2. 
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4.2.5 Statistical analysis ofthe Plackett-Burman Trials 
Statistical analysis of the Plackett-Burman trials involved comparing each of the trials at a 
specific time. As ethanol production was the overall aim, it was decided to compare ethanol 
concentrations at 24 h, as can be seen in Table 4.3. This time was chosen as it is a 
commercially feasible time for whey to ethanol production (Hansen, 1980a,b,c; Howell, 
1981; Sandbach, 1981a,b; Barry, 1982;Gooding, 1982; Mawson, 1987). The Student's t-
test was then used to determine the statistical significance ofthe 5 variables tested, in order 
to see whether any of these variables had a significant effect on the ethanol yield obtained, 
at 24 h. 
Table 4.3 Ethanol production at 24 h for Trials 1-8. 
Trial No. 
1 
2 
3 
4 
5 
6 
7 
8 
[Ethanol] (g H ) 
at24h 
9 
14 
7 
18 
12 ' 
16.5 
11 
18.5 
The confidence level chosen for the statistical analysis was 8 5 % (Section 3.5). Normally for 
a Plackett-Burman analysis the confidence level chosen can be as low as 7 0 % , so the results 
gained from these analyses can be treated as being very accurate (Stowe and Mayer, 1966). 
Details of the calculation of the results for the Plackett-Burman analysis can be found in 
Appendix 2 
From the analysis, the variables found to affect the ethanol yield obtained were yeast type, 
p H and temperature, while permeate supplementation and addition of oxygen were not 
significant. Another advantage of the Plackett-Burman design is that due to two levels of 
each variable being tested, the correct level can be determined depending on the t-test 
result. This means that if the t-test gives a positive significant value, then the maximum 
level ofthe variable should be used and vice versa. As temperature gave a negative result, 
J5 
while yeast type and p H were positive, the conditions chosen for the scale-up fermentations 
were 30°C, uncontrolled p H and the yeast type K. marxianus C B S 5795. The results ofthe 
Plackett-Burman analysis suggested that the supplementation of the permeate and oxygen 
addition did not effect the ethanol yields obtained, so the level chosen in each case was the 
one that would be cheapest for commercial use, which were no oxygen addition and no 
permeate supplementation. 
Each of the variables chosen for analysis in the trials were ones where conflicting 
information was available regarding optimum conditions for ethanol production from 
permeate. Both K marxianus C B S 5795 and A T C C Y-l 179 appear to belong to the 
ethanol tolerant strains ofK. marxianus, although further research needs to be conducted to 
determine the exact tolerance of each strain (Section 2.3.9). For both strains tested here 
30°C produced optimum results, which correlates with the literature available about K. 
marxianus, which specifies 30-38°C for optimum growth (Section 2.3.2). 
For optimum ethanol production, pH control was found to be unnecessary, in accordance 
with the results of Burgess and Kelly (1979), Chen and Zall (1982), Friend etal (1982), 
Collins and Rajagopal (1982) and Linko etal (1984) who found p H control to be 
unnecessary due to the buffering capacity of whey (Section 2.3.3). The results obtained in 
this study contradict those of Rogosa etal. (1947), Castillo etal (1982), Marwaha and 
Kennedy (1985a, b), Vienne and von Stockar (1985b), Zertuche and Zall (1985), Tu etal 
(1985), Zayed and Foley (1987), and Ghaly etal. (1992) who all found p H control to be 
necessary. Normally, p H control is only used to aid in the prevention of contamination of 
the permeate, by making it too acidic for most organisms to survive in. However, the 
maintainance of aseptic conditions makes this need redundant in this study. 
In contrast to the results of Vienne and von Stockar (1983) supplementation ofthe skim 
milk permeate was deemed to not be required (Section 2.3.4.1). They observed an 
uncoupling between growth and ethanol production with C. pseudotropicalis IP 513; with 
growth ceasing at 20 h while ethanol production continued for over fifty hours. Vienne and 
von Stockar (1983) concluded that addition of yeast extract overcomes this problem. 
However, direct correlation was observed here between biomass and ethanol production, 
with maximum ethanol production occurring in conjunction with maximum growth in most 
cases (Figure 4.1-4.8). Also, the maximum growth rates were obtained in trials 5 and 6, 
which used unsupplemented permeate (Table 4.2). It is also important to note that the 
protein content of the skim milk permeate used was 0.4 % which is lower than the value 
generally accepted for whey permeate of 0.8 % (Zall, 1992), so few nutrients were available 
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from this source. These results suggest that skim milk permeate contains all the nutrients 
required by yeast to grow and produce ethanol. 
Oxygen addition was found to not effect maximum ethanol production. It has been 
suggested by Vienne and von Stockar (1985b) and Zayed and Foley (1987) that the addition 
of oxygen, at concentrations greater than 0.06 and 0.25 w m respectively, induced a shift 
from ethanol to biomass production. The results obtained in this study do not conclusively 
agree with this due to the Plackett-Burman analysis showing no significant effect of oxygen 
addition on ethanol production, yet the results of these researchers shows that it does effect 
it. It is possible that the level of oxygen added did not differ enough from that without 
oxygen addition for the result to show significant effects on the ethanol production. This 
could also account for the D O levels decreasing as oxygen was consumed during the 
fermentation. Ideally, the D O levels should remain constant throughout the fermentation 
where oxygen was added. The result may be artefactual and requires further research 
before any definitive conclusions can be drawn. 
4.3 S C A L E - U P 
4.3.1 Introduction 
A scale-up fermentation was performed to determine whether the variables chosen for 
optimal ethanol production in the 1-litre fermentation were also optimal using a larger 
medium volume. Normally differences may result due to the increased substrate volumes, 
and the differing stirring mechanisms, which may affect the D O concentration in the 
medium, amongst other things, so it is necessary to determine how the production of 
ethanol may be affected. 
The conditions used for the scale-up to an 8 litre fermentation, were those concluded to 
give optimum ethanol production from Plackett-Burman design trials. These conditions 
were a temperature of 30°C, unsupplemented permeate, no oxygen addition, and no p H 
control. The yeast strain used was K. marxianus C B S 5795. 
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4.3.2 Results and discussion 
Duplicate trials of the scale-up fermentations were conducted. The results obtained for 
each of these trials were very similar as can be seen in Figure 4.9a and b (full results are in 
Appendix 1, Table A1.9 and ALIO). For both ofthe fermentations the maximum ethanol 
yield was reached at 36 h, coinciding with the maximum biomass concentration and total 
consumption of carbohydrates. However, the maximum ethanol yield found differed in each 
case with 24 g 1-1 and 17.5 g k1 respectively. By 48 h, 6.5 g h1 of ethanol had been 
consumed as an energy source in scale-up 1, resulting in 16.5 g H of ethanol left, compared 
with 17.5 g H in scale-up 2 where it was not consumed. The biomass concentration in both 
cases followed the typical microbial growth curve with a lag phase of 16 h, exponential 
growth of 14 h and stationary phase of 18 h. By comparison, the lag phase for the 1 litre 
fermentations lasted for 8-12 h only, exponential growth of 12-16 h and stationary phase of 
18-24 h. Lactic acid concentration increased slowly over the fermentation time to 0.5 %w/v 
at 48 h. This slow increase results from an increase in the metabolic waste products 
produced by the yeast. 
Ideally, for the skim milk permeate to ethanol fermentation to be commercially feasible the 
fermentation time should be kept to a minimum, yet the maximum ethanol yield was not 
reached until 36 h for the scale-up. The conditions found to be optimum in the 1 litre 
fermenter did not yield the same ethanol yields and rates of fermentation in the larger 
fermenter (Section 4.2.5). It has been established by a number of authors, including Rogosa 
etal (1947), Demott etal (1981), Castillo etal (1982) and Maiorella and Castillo (1984) 
that an inoculum of 1-2 %(dry weight yeast/weight of lactose) be used for whey to ethanol 
fermentations to ensure satisfactory fermentation rates. The inoculum level used for both 
the scale-up and Plackett-Burman trials was only 0.5 %w/v. By increasing the inoculum 
size to 1 or 2 %w/v, this should result in a more rapid fermentation and may lead to 
maximum ethanol production occurring prior to 24 h, making it a more commercially 
feasible fermentation time. This would be due to an increase in inoculum size decreasing 
the lag phase of the yeast growth, athough it would not have an affect on the exponential 
growth or the growth rate of the yeast. However, it should be noted that increasing the 
inoculum size also increases the cost of the fermentation, while offsetting the fermentation 
time. As a result, for commercial production of ethanol from skim milk permeate, the 
relative costs associated with an increase in inoculum size compared to a longer 
fermentation time using an inoculum size of 0.5 % w / v would need to be examined. 
Although this inoculum size does not appear to have affected the fermentation rates in the 1 
litre fermentation, it has certainly resulted in slower rates in the scale-up (0.141 h"1 for 
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scale-up 1 and 0.135 h"1 for scale-up 2), compared to the Plackett-Burman trials where the 
average n - ^ was found to be 0.203 h"l. The umax is also low compared to that reported 
in the reports of Shaefer etal (1985) and Mawson (1988). The former observed a \xm2x of 
0.31 h"1 for K. fragilis N R R L 665 and the later observed 0.4 h"1 for K. marxianus Y-l 13 
however, the conditions differed from those used for this study. However, the u m a x was 
comparable to that obtained by Vienne and von Stockar (1983) who observed a \imax of 
0.164 h"1 for K. fragilis N R R L 665 and 0.132 h"1 for C. pseudotropicalis IP 513 in 
unsupplemented whey permeate. 
A summary ofthe results obtained for the scale-up fermentations can be found in Table 4.4. 
Table 4.4 Summary of results for scale-up trials. The conditions used 
were: 30°C, no oxygen addition, no pH control, no permeate 
supplementation and yeast strain K. marxianus CBS 5795. 
Scale-up 
Trial 
1 
2 
(imax 
(h-1) 
0.141 
0.135 
Presence of 
glucose/galactose 
No 
No 
[Ethanol] (g H ) 
24 h 
9.5 
9 
36 h 
24 
17.5 
48 h 
16.5 
17.5 
[Biomass] (g H ) 
24 h 
45 
45 
36 h 
67 
65 
48 h 
67 
65 
59 
20 30 40 
Time (h) 
(a) Trial 1 
• [Lactose] (g/l) 
a
 [Ethanol] (g/l) 
-•-[Biomass] (g/l) 
° [Lactic acid] (%) 
10 20 30 
Time (h) 
40 
(b) Trial 2 
• [Lactose] (g/l) 
a
 [Ethanol] (g/l) 
-•-(Biomass] (g/l) 
° [Lactic Acid] (%) 
50 
Figure 4.9 Results of scale-up fermentations. The conditions used in both 
cases were: 30°C, no oxygen addition or p H control, no permeate 
supplementation. The yeast used was K. marxianus CBS 5795. 
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SECTION 5 
CONCLUSIONS AND RECOMMENDATIONS 
After compilation of all results, the following conclusions and recommendations can be 
made regarding the production of ethanol from skim milk permeate: 
• Industrial grade ethanol was produced from skim milk permeate. This suggests 
that skim milk permeate and whey/whey permeate are comparable substrates. 
• Both K. marxianus CBS 5795 and ATCC Y-l 179 are capable of producing 
ethanol from skim milk permeate, with total consumption of the carbohydrates present in 
the substrate by either 24 or 48 h of fermentation. However, statistical analysis of the 
results has shown that K. marxianus C B S 5795 produces higher ethanol yields at a faster 
time. 
• From the analysis of results obtained after an eight trial Plackett-Burman design, 
the variables found to significantly affect ethanol yields were the temperature, p H and yeast 
type, while addition of oxygen and permeate supplementation did not affect ethanol yields. 
However, oxygen has previously been shown to affect ethanol yields, so it is possible that 
the levels chosen for investigation in this research were not high enough for comparative 
purposes. The lack of need for supplementation suggests that skim milk permeate contains 
all the nutrients required for this particular yeast to grow. 
•Based on the experimental trials, an optimal ethanol yield should be obtained by 
fermenting under the following conditions: temperature of 30°C, no p H control and the 
yeast strain^, marxianus C B S 5795 
• In order to overcome the problem of ethanol consumption by the yeast, 
fermentation times need to be controlled, with the end times coinciding with the total 
consumption of lactose. 
• A scale-up ofthe fermentation using the optimum conditions determined from the 
Plackett-Burman design resulted in an average theoretical ethanol yield of 83 %, with total 
carbohydrate consumption. However, the fermentation lasted 36 h, and the maximum 
specific growth rate was low compared to those obtained in the other trials, averaging 0.138 
h"1. The properties that differ between these fermentations need to be investigated to 
determine whether any of these account for the differing results obtained. For example, the 
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increased medium volume will have an effect on the stirring mechanism which is different in 
the scale-up fermentation equipment. This mechanism affects the D O levels present in the 
fermentations. 
As well as investigation into differences between the 1 and 8 litre fermentations, an 
industrial size scale-up (for example 100 litres) of the fermentation using skim milk 
permeate and the conditions chosen here for optimum ethanol production, could be 
performed. The results obtained for this could be compared to those obtained in this study. 
There is also the possibility of studying other variables and their effect on using skim milk 
permeate to produce ethanol, with the yeast strain K. marxianus C B S 5795. Some of these 
variables could include salt concentration, osmotic pressure, inoculum size and the effect of 
glucose and galactose in the medium. 
• A continuous fermentation could be performed using K. marxianus CBS 5795, 
with the dilution rate determined according to the Umax found as part of this research. The 
economic feasibility of continuous over batch fermentations may be greater due to reduced 
capital costs and increased automation of the process, along with time savings regarding 
cleaning of equipment, culture preparation, etc. 
• The inoculum size of 0.5 %w/v resulted in slower initial growth and fermentation 
times in the scale-up fermentations. A n increase in inoculum concentration should be 
investigated. 
Some other areas that could be investigated relating to the fermentation of skim milk 
permeate to produce ethanol are: 
• The ethanol tolerance of K. marxianus CBS 5795 needs to be determined. K. 
marxianus is generally considered to have low ethanol tolerance. It has been found that 
strains of AT. marxianus fall into one of two groups: an ethanol sensitive group and one of 
higher ethanol tolerance. From the results found here, K. marxianus C B S 5795 may to fall 
into the group of higher ethanol tolerance, which would make it an attractive strain for 
industrial use. The ethanol tolerance of the yeast could also be improved via genetic 
engineering, possibly using genes from an ethanol tolerant organism such as S. cerevisiae. 
Physical methods could also be investigated regarding the removal of ethanol during the 
fermentation in order to negate the problem with the low ethanol tolerance ofthe yeast. 
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• In order to make ethanol production from permeate more cost effective, it has 
been suggested by a number of researchers including Burgess and Kelly (1979), Moulin 
etal (1980), Zayed and Foley (1981), Janssens etal (1983), Izaguirre and Castillo (1982) 
and M a w s o n and Taylor (1989), that increasing the concentration of lactose in the substrate 
(for example, concentrating the permeate by passing it back through the reverse osmosis 
plant) will result in increased ethanol yields. As K. marxianus C B S 5795 appears to have a 
higher ethanol tolerance than other K. marxianus strains, the use of this strain in 
concentrated permeate fermentations may increase the viability of this fermentation 
industrially. However, at present a number of problems are associated with this area 
including the costs involved, especially in relation to reverse osmosis equipment, and the 
low solubility of lactose. 
• An investigation into the effect of using mixed cultures to improve the skim milk 
permeate to ethanol fermentation could be performed. Mixed cultures are known (Friend 
etal, 1982; Tu etal, 1985; W a n g etal, 1987; Kamini and Gunasekaran, 1989; 
Gunasekaran and Kamini, 1991; Kallel-Mhiri etal, 1994) to enable faster fermentation 
times due to improving the cell yield, while also offering better resistance to contamination. 
K. marxianus C B S 5795 could be used to breakdown the lactose to the monosaccharides 
glucose and galactose, and convert the galactose to ethanol. S. cerevisiae could also be 
used to ferment glucose as it has a higher ethanol tolerance than K. marxianus, while also 
being a high ethanol producer. 
• Finally another area for investigation is that of the thermotolerance of the yeast 
strains studied here. Even though this research showed higher ethanol yields were produced 
at 30°C, than at 38°C, a higher fermentation temperature would be useful for commercial 
production in tropical climates, due to savings on capital and running costs of refrigeration 
to maintain lower temperatures. Other advantages of fermenting at higher temperatures are 
faster rates of substrate consumption and ethanol production, plus facilitated ethanol 
recovery due to the lower energy requirements for distillation of the ethanol. At present it 
appears that no research has been conducted using either whey or skim milk permeate as a 
substrate for thermotolerant yeasts. 
In conclusion, ethanol was produced from skim milk permeate at theoretical yields of up to 
90 %. The main variables that affected the fermentation were temperature, permeate 
supplementation and the yeast type used. The results from the scale-up to 8 litres are 
promising, however a further scale-up to an industrial size needs to be performed to 
determine the feasibility of using skim milk permeate on an industrial scale. 
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APPENDIX 1 
Full fementation results for Plackett-Burman design Trials 1-8 and Scale-up fermentations, 
including lactose, ethanol, biomass and lactic acid concentrations at variuos test times. 
TABLE Al.l Results for Trial 1 
Time (h) 
0 
2 
4 
6 
8 
12 
15 
24 
36 
48 
[lactose] (g/l) 
42.5 
42.5 
42.5 
42.5 
41 
38 
35.5 
19 
2 
0 
[ethanol] (g/l) 
0 
0 
0 
0 
0 
0 
1 
9 
20 
17.5 
[biomass] (g/l) 
3.5 
4.25 
4.25 
4.5 
4.5 
7.5 
11 
45 
60 
63 
[lactic acid] (%) 
0.2 
0.3 
0.3 
0.3 
0.36 
0.44 
0.49 
0.4 
0.76 
0.99 
TABLE A1.2 Results for Trial 2 
Time (h) 
0 
2 
4 
6 
8 
12 
15 
24 
36 
48 
[lactose] 
(g/I) 
46.5 
46.5 
46.5 
46.5 
31.2 
15 
6 
0 
0 
0 
[Ethanol] 
(g/l) 
0 
0 
0 
0 
0.5 
4.4 
7.8 
14 
10 
11.5 
[biomass] 
(g/I) 
4.5 
5 
5.75 
7 
11.5 
24.75 
29 
47.5 
49 
49 
[Lactic acid] 
(%) 
0.4 
0.39 
0.37 
1.7 
2.8 
0.8 
1.1 
0.7 
0.7 
0.7 
[Glucose] 
(g/l) 
0 
0 
0 
0 
5 
5 
5 
0 
0 
0 
[Galactose] 
(g/l) 
0 
0 
0 
0 
49.5 
36.5 
36.5 
0 
0 
0 
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T A B L E A1.3 Results for Trial 3 
Time (h) 
0 
2 
4 
6 
8 
12 
15 
24 
36 
48 
[Lactose] 
(g/l) 
41.5 
41.5 
41.5 
40.5 
38.5 
35.8 
29 
6.5 
0 
0 
[Ethanol] 
(g/l) 
0 
0 
0 
0 
0 
0.5 
1 
7 
14 
14 
[Biomass] 
(g/l) 
2.75 
3.5 
3.75 
4.5 
4.75 
5.25 
8.5 
37 
53 
55 
[Lactic acid] 
(g/l) 
0.3 
0.3 
0.3 
0.4 
0.4 
0.3 
0.3 
0.2 
0.2 
0.4 
[Glucose] 
(g/l) 
0 
0 
0 
0 
0 
0 
<0.5 
5.25 
0 
0 
[Galactose] 
(g/l) 
0 
0 
0 
0 
0 
0 
12.5 
54 
0 
0 
T A B L E A1.4 Results for Trial 4 
Time (h) 
0 
2 
4 
6 
8 
12 
15 
24 
36 
48 
[Lactose] 
(g/l) 
53 
53 
51.5 
51 
46.5 
17 
1 
0 
0 
0 
[Ethanol] 
(8/1) 
0 
0 
0 
0 
"Tl 
7 
9.8 
18 
15.5 
12.5 
[Biomass] 
(g/l) 
4.75 
6.25 
7.5 
7.5 
17.5 
40.5 
99.5 
125 
125 
125 
[Lactic acid] 
(%) 
0.32 
0.34 
0.38 
0.34 
0.31 
0.19 
0.22 
0.4 
0.38 
0.61 
[Glucose] 
(g/l) 
0 
0 
0 
0 
<0.5 
5 
5.5 
0 
0 
0 
[Galactose] 
(g/l) 
0 
0 
0 
0 
0 
5 
57.5 
0 
0 
0 
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T A B L E A1.5 Results for Trial 5 
Time (h) 
0 
2 
4 
6 
8 
12 
15 
24 
36 
48 
[Lactose] 
(g/l) 
36.5 
36.5 
36.5 
36.5 
36.25 
35.5 
21 
0 
0 
0 
[Ethanol] 
(Eft) 
0 
0 
0 
0 
0 
0 
1 
12 
10.5 
8.5 
[Biomass] 
(g/l) 
4.25 
4.25 
4.25 
4.25 
5.25 
10.75 
17.75 
60 
56.5 
56.5 
[Lactic acid 
(%) 
0.2 
0.19 
0.24 
0.23 
0.23 
0.21 
0.17 
0.16 
0.22 
0.14 
[Glucose 
(g/l) 
0 
0 
0 
0 
0 
0 
<0.5 
0 
0 
0 
[Galactose] 
(g/l) 
0 
0 
0 
0 
0 
0 
13.5 
0 
0 
0 
T A B L E A1.6 Results for Trial 6 
Time (h) 
0 
2 
4 
6 
8 
12 
15 
24 
36 
48 
[Lactose] (g/l) 
49.5 
49.5 
49.5 
49.5 
49.5 
48.5 
47 
0 
0 
0 
[Ethanol] (g/l) 
0 
0 
0 
0 
0 
0 
0.5 
16.5 
14.5 
14 
[Biomass] (g/l) 
4.25 
4.75 
5.25 
5.5 
5.75 
7 
11.5 
63 
62 
60.5 
[Lactic acid] (%) 
0.17 
0.2 
0.18 
0.21 
0.18 
0.19 
0.26 
0.51 
0.6 
0.72 
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T A B L E A1.7 Results for Trial 7 
Time (h) 
0 
2 
4 
6 
8 
12 
15 
24 
36 
48 
[Lactose] 
(g/l) 
51.5 
50 
49.5 
47.5 
46.5 
37.5 
24 
16.5 
5 
0 
[Ethanol] 
(g/l) 
0 
0 
0 
0 
0.5 
1 
3 
11 
17.5 
19.5 
[Biomass] 
(g/l) 
4.5 
4.75 
5 
5.25 
6.5 
10.75 
15 
32 
37.5 
36.5 
[Lactic acid] 
(%) 
0.23 
0.22 
0.23 
0.18 
0.2 
0.2 
0.22 
0.28 
0.41 
0.44 
[glucose] 
(g/l) 
0 
0 
0 
0 
0 
0 
5 
0 
0 
0 
[Galactose] 
(g/l) 
0 
0 
0 
, 0 
0 
27 
57.5 
0 
0 
0 
T A B L E A1.8 Results for Trial 8 
Time (h) 
0 
2 
4 
6 
8 
12 
15 
24 
36 
48 
[Lactose] (g/l) 
48.5 
48.5 
48.5 
48 
47.5 
47 
37.5 
0 
0 
0 
[Ethanol] (g/l) 
0 
0 
0 
0 
L ° 
0.2 
3 
18.5 
13 
14.2 
[Biomass] (g/l) 
4.75 
6 
6 
6 
6.25 
15.25 
32.5 
95 
i 100.5 
114 
[Lactic acid] (%) 
0.41 
0.31 
0.26 
0.31 
0.29 
0.36 
0.36 
0.42 
0.34 
0.31 
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T A B L E A1.9 Results for scale-up 1 
Time (h) 
0 
8 
16 
24 
36 
48 
[Lactose] (g/l) 
47.5 
45.5 
36.5 
21.5 
0 
0 
[Ethanol] (g/l) 
0 
0.5 
3 
9.5 
24 
16.5 
[Biomass] (g/l) 
6 
6.5 
14 
45 
67 
67 
[Lactic acid] (%) 
0.27 
0.27 
0.29 
0.33 
0.48 
0.49 
T A B L E A L I O Results for scale-up 2 
Time (h) 
0 
8 
16 
24 
36 
48 
[Lactose] (g/l) 
49.5 
46.5 
40.5 
23.5 
2 
0 
[Ethanol] (g/l) 
0 
1 
3 
9 
17.5 
17.5 
[Biomass] (g/l) 
6 
8.5 
13.5 
45 
65 
65 
[Lactic Acid] (%) 
0.26 
0.25 
0.28 
0.29 
0.42 
0.46 
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APPENDIX 2 
Sample calculations for the determination of lactose, glucose, galactose, ethanol, biomass 
and lactic acid conentrations are presented below, as is the Plackett-Burman design analysis. 
A2.1 Lactose, glucose and galactose determination 
-JL_ = 4 (A2.1) 
A20 A m 
where: x = corrected peak area for sugar 
Ag = peak area reported for the sugar 
A m = peak area reported for mannitol 
A2o= actual peak area for mannitol at 20 g H = 200380053 
= 200 x 1 0 6 
A standard graph for each of the sugars was produced of [sugar] (g 1_1) v's Area of the 
peak. The actual concentrations for each sample was determined by calculating the 
corrected areas (as in Equation A2.1). The concentrations were then calculated by 
comparing the corrected areas to the standard graph. 
A2.2 Ethanol determination 
JL_ = AgjOH ( A 2 2 ) 
A4 Apr o p 
where: x = corrected peak area for ethanol 
A E t Q H = Peak area reported for ethanol 
Aprop = peak area reported for propanol 
A 4 = actual peak area for propanol at 4.0 gl_1 = 3733 
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A standard graph for ethanol was produced of [Ethanol] (g H ) v's Area ofthe peak. The 
actual concentrations for each of the samples was determined by calculating the corrected 
areas (as in Equation A2.2). The concentrations were then calculated by comparing the 
corrected peak areas to the standard graph. 
A2.3 Biomass determination 
A graph of dry weight (g H) v's absorbance (at 600nm) was produced. The absorbance for 
each sample was then compared to this graph to determine the dry weight of the sample. 
The dry weight was then multiplied by the dilution factor used. 
A2.4 Lactic acid determination 
It has been established that % lactic acid by weight = 1 ml 0.1 M NaOH 
= 0.0090 g lactic acid 
So, 
1 ml NaOH = 0.0090g lactic acid 
V ( N a O H ) used for the titration m(lactic acid) present in the sample 
From this, 
% Lactic acid (by weight) = m (lactic acid) present in the sample 
m (sample) 
where: m (sample) = p x V (sample used) 
A2.5 Plackett-Burman design analysis 
For the Plackett-Burman analysis, the ethanol concentration at 24 h was compared for each 
ofthe eight trials (See Table A2.1). 
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Table A2.1 Ethanol concentrations at 24 h for the Plackett-Burman trials 
where D refers to a dummy variable 
Trial 
1 
2 
3 
4 
5 
6 
7 
8 
Oxygen 
addition 
+ 
+ 
+ 
-
+ 
_ 
_ 
-
Temp 
+ 
+ 
. 
+ 
_ 
_ 
+ 
-
Permeate 
+ 
_ 
+ 
_ 
_ 
+ 
+ 
-
D 
_ 
+ 
_ 
_ 
+ 
+ 
+ 
-
Yeast 
Type 
+ 
_ 
-
+ 
+ 
+ 
-
-
D 
_ 
_ 
+ 
+ 
+ 
_ 
+ 
-
pH 
_ 
+ 
+ 
+ 
_ 
+ 
-
-
[EtOH] at 
24 h 
fe I"1) 
9 
14 
7 
18 
12 
16.5 
11 
18.5 
From the table, the effect of each variable is determined using Equation A2.3. 
E A = R at (+) - R at (-) (A2.3) 
where: E A = effect of A 
R = result 
So, the effect of oxygen addition is calculated as: 
EQ = 9+14 + 7+12 - 18+16.5 + 11 + 18.5 
4 4 
= 10.5-16= -5.5 
The effect ofthe dummy variables is also calculated as in Equation A2.3. In this case, The 
effect of the dummy variables was 0.25 and 2.5 respectively. From these effects, the 
variance of an effect can be calculated (Equation A2.4). 
veS=im^ (A2.4) 
n 
where: V e ^ = variance of an effect 
E d = effect shown be a dummy 
n = number of dummy variables 
82 
For this analysis, Ve f f was 3.25625. The standard error is then determined by calculating 
the square root ofthe variance (Equation A2.5). The standard error was calculated to be 
1.776. 
SE = Vv^T (A2.5) 
where: SE = standard error 
The significance of each effect was then be calculated using the statistical Student's t-test 
(Equation A2.6). 
t = effect (A2.6) 
standard error 
For oxygen addition, the t-test result was found to be -3.49. The significance level chosen 
was 85 %. At this level, with 2 degrees of freedom, the value found was 1.386. This means 
that oxygen addition did not play a significant role for ethanol production at 24 h. The 
significance of each ofthe variables was calculated in this way. 
